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The vacuolar function in plants is diverse, and so is the physiological role of 
transporters and channels at the vacuolar membrane that catalyze the uptake or release 
of solutes. One member of the Arabidopsis thaliana Aluminum-activated Malate 
Transporter (AtALMT) family, AtALMT9, has been previously demonstrated to be 
localized at the vacuolar membrane, the tonoplast. AtALMT9 encodes a channel protein 
that is capable of mediating malate and Cl⁻ inward rectifying currents corresponding to 
an uptake of these anions into the vacuole.  
In this thesis ALMT9 proteins of Arabidopsis and Vitis Vinifera are characterized at the 
molecular, structural and functional level. In the first chapter a large-scale mutagenesis 
is presented that aimed at determining the structure-function relations in AtALMT9. 
Using the patch-clamp technique the putative conduction pathway as well as residues 
that are crucial for AtALMT9 structure, functionality and regulation were identified. 
Moreover, citrate was found to act as an open channel blocker of AtALMT9, and a 
point-mutated channel in which this inhibition is abolished was characterized. The 
differences in inhibition sensitivity of the channel variants were used to provide 
evidence that AtALMT9 is composed of several subunits. In chapter II, it is additionally 
demonstrated that other AtALMT channels are also localized to the tonoplast, and are 
capable of forming heteromeric channel complexes with AtALMT9. Chapter III deals 
with the physiological relevance of AtALMT9-mediated vacuolar Cl⁻ uptake during 
salinity. It is shown that the capacity of vacuolar ion uptake affects whole-plant 
accumulation and distribution of Na⁺ and Cl⁻. Genetic and physiological approaches as 
well as expression analyses suggested that these differences in Na⁺ and Cl⁻ contents 
during salinity are based on altered transcript levels of plasma-membrane localized 
transport proteins in the vasculature of atalmt9 mutant plants. In chapter IV, it is shown 
that AtALMT9 has a physiological function in seed germination in particular under salt 
stress. It is demonstrated that AtALMT9 is highly expressed in seeds, and that knock-
out mutant seeds lacking the channel are more sensitive to the application of high NaCl 
concentrations. Finally, it is shown in Chapter V that a homolog of AtALMT9 is
 iv 
expressed in fruits of Vitis vinifera throughout ripening and maturation. VvALMT9 is 
targeted to the tonoplast and mediates malate fluxes into grape berry vacuoles. In 
addition, VvALMT9 is shown to catalyze significant tartrate uptake, an organic acid 
that is highly accumulated in grape berries.  
In summary, in this thesis I present novel insights into the structural and compositional 
organization of AtALMT channels, the physiological role of AtALMT9-mediated 
vacuolar ion uptake under salinity and during seed germination, and the function of 
VvALMT9 in berries of Vitis vinifera. The multiple cellular and physiological 
processes in which ALMT9 channels are shown to be involved demonstrate the 













Die Funktion der Vakuole in Pflanzen ist facettenreich, und daher ist auch die 
physiologische Rolle von Transportern und Kanälen welche die Aufnahme oder die 
Abgabe von Substraten über die vakuoläre Membrane katalysieren verschieden. Ein 
Mitglied von der Aluminium-aktivierten Malat Transporter (ALMT) Protein Familie in 
Arabidopsis thaliana, AtALMT9, ist in der vakuolären Membran, dem Tonoplast, 
lokalisiert. Es wurde zuvor gezeigt, dass AtALMT9 ein spannungsabhängiger einwärts 
gleichrichtender Kanal ist, welcher die Aufnahme von Malat und Cl⁻ in die Vakuole 
katalysiert.  
In dieser Dissertation werden ALMT9 Homologe von Arabidopsis thaliana und Vitis 
Vinifera auf der molekularen, strukturellen und funktionalen Ebene charakterisiert. Im 
ersten Kapitel wird eine umfassende Mutagenese beschrieben, in welcher die 
Beziehungen zwischen Struktur und Funktionalität von AtALMT Kanälen untersucht 
werden. Mit Hilfe der Patch-Clamp-Technik wurden die potenzielle zentrale Pore des 
Kanals sowie Aminosäure Reste identifiziert, die für die Struktur, die Funktionalität 
und die Regulation des Kanals wichtig sind. Ausserdem wurde aufgezeigt, dass Citrat 
den AtALMT9 Kanal blockiert, und es wird ein mutierter Kanal identifiziert, welcher 
nicht mehr von Citrat inhibiert werden kann. Die Unterschiede in der Sensitivität zu 
Citrate wurden ausgenutzt um zu zeigen, dass AtALMT9 aus mehreren Untereinheiten 
besteht. In Kapitel II wird zudem gezeigt, dass weitere AtALMT Kanäle im Tonoplast 
lokalisiert sind, und dass diese Kanäle mit AtALMT9 heteromere Kanalkomplexe 
formen können. Das dritte Kapitel handelt von der physiologischen Relevanz von Cl⁻ 
Strömen durch AtALMT9 während die Pflanze einem Salzstress ausgesetzt ist. Es wird 
gezeigt, dass die Kapazität der vakuolären Ionenaufnahme die Akkumulation und 
Verteilung von Na⁺ und Cl⁻ in der kompletten Pflanze beeinflusst. Genetische und 
physiologische Methoden sowie Expressionsanalysen haben Ausschluss darüber 
gegeben, dass die unterschiedlichen Na⁺ und Cl⁻ Gehalte während des Salzstresses 
vermutlich auf Unterschiede in der Transkription von Transportern in der 
Plasmamembran im vaskulären System von atalmt9 Mutanten zurückzuführen sind. Im 
 vi 
vierten Kapitel wird gezeigt, dass AtALMT9 eine physiologische Funktion während 
der Samenkeimung insbesondere unter Salzstress aufweist. Es wird gezeigt, dass 
AtALMT9 in Samen exprimiert ist, und dass mutierte Samen, in welchen der Kanal 
fehlt, sensitiver auf hohe externe NaCl Konzentrationen reagieren. Abschliessend wird 
in Kapitel V gezeigt, dass ein Homolog von AtALMT9 auch in Früchten von Vitis 
Vinifera während des Reifeprozesses exprimiert ist. VvALMT9 ist ebenfalls im 
Tonoplast lokalisiert, und katalysiert die Malataufnahme in die Vakuolen der 
Weintrauben. Darüber hinaus wird gezeigt, dass auch Tartrat von VvALMT9 
transportiert wird, welche eine organische Säure darstellt die wesentlich in Weintrauben 
akkumuliert.   
Zusammenfassend werden in dieser Dissertation neue Einblicke in die strukturelle und 
kompositionelle Organisation von AtALMT Kanälen, in die Rolle von AtALMT9 
Strömen unter Salzstress und während der Samenkeimung, und in die Funktion von 
VvALMT9 in Weintrauben gegeben. Die verschiedenartigen zellulären und 
physiologischen Prozesse, in denen ALMT9 Kanäle eine Rolle spielen, zeigen deutlich 
auf, dass Anionen und osmotische Homöostasen in Pflanzenzellen von essentieller 












1.1. The Vacuole – A Compartment with a Multitude 
of Functions 
 
Plants are sessile organisms that frequently encounter fluctuations in their environment. 
These fluctuations range from differences in nutrient supply, water and CO₂ 
availability, and light conditions, to exposure to toxic compounds or biotic stressors, 
and many more. The vacuole is a compartment that serves a fundamental role in 
adaptation mechanisms towards such fluctuations. The vacuole can occupy up to 90 % 
of the cellular volume in mature cells and its content comprises, amongst others, toxic 
and nutritive inorganic ions, organic acids, soluble carbohydrates, amino acids, 
enzymes, secondary metabolites and xenobiotics. As the vacuole buffers large 
variations of environmental conditions, the solute composition is highly dynamic and 
reflects changes in the environment. In addition, the composition is also dependent on 
other factors, such as the type of organ, the cell-type, the time of the day, the metabolic 
state, the developmental stage of the plant and the cell, and the plant species (Isayenkov 
et al., 2010, Martinoia et al., 2012, Matile, 1987, Conn and Gilliham, 2010). For 
instance, leaf mesophyll vacuoles act as temporal carbohydrate storage, whereas sugar 
cane or tuber vacuoles predominantly accumulate sugars for a prolonged period 
(Martinoia et al., 2007). Also, toxic ions are preferentially sequestered in vacuoles of 
leaf epidermal cells to reduce damage in the more susceptible mesophyll cells 
(Martinoia et al., 2007, Munns and Tester, 2008). In addition, two types of vacuoles 
can be found in plants, the lytic vacuole and the protein storage vacuole (Paris et al., 
1996), that contain different proportions of a given solute. In most cells, these two types 
of vacuoles are not clearly distinguishable (Martinoia et al., 2012, Frigerio et al., 2008).  
Collectively, decades of research revealed a tremendous diversity and a dynamic 
adaptation of the vacuolar solute composition within plants. To guarantee rapid 




plants are equipped with a battery of transport systems. The tightly regulated and 
directed vacuolar solute passage mediated by these transport processes build the basis 
of the multitude of functions performed by the large central vacuole. In the following, 
key functions of the plant vacuoles will be introduced. 
 
1.1.1 Cell Elongation, Seed Germination and Stomatal Movement 
The turgor pressure of plant cells pushes the cell membrane against the cell wall to 
maintain rigidity. The turgor is achieved by water influx into the vacuole that is driven 
by the accumulation of osmotically active solutes. Since vacuoles store the majority of 
cellular solutes and water, they constitute the main compartment of turgor generation. 
The differences in turgor pressure are accompanied by local loosening of the cell wall 
(Cosgrove, 1996). Together, these are in turn the driving forces for cell expansion and 
plant growth, and thereby optimize the surface for absorption of sunlight during 
photosynthesis.  
Rapid changes in vacuolar volume and, hence, cell size can only occur since 
bidirectional water flow across the tonoplast is catalyzed by aquaporins (Reisen et al., 
2003, Lin et al., 2007). Aquaporins have been identified in almost all organisms but are 
particularly abundant and diverse in plants (Kaldenhoff and Fischer, 2006). They 
belong to the large superfamily of Major Intrinsic Proteins (MIP) of integral membrane 
proteins (Maeshima, 1992). Dependent on their subcellular localization and phylogeny 
MIPs are divided into four subfamilies. Aquaporins that integrate into the vacuolar 
membrane belong to the so called Tonoplast Intrinsic Proteins (TIP) subfamily and are 
encoded by 10 genes in Arabidopsis thaliana (Arabidopsis) (Weig et al., 1997, 
Johanson et al., 2001). They act as water-permeable transmembrane channels and play 
a fundamental role in plant water balance and osmoregulation. Of note, since the late 
1990s functional analyses have revealed that aquaporins facilitate the transporter of 
other substrates than H₂O, such as urea, NH₃/ NH₄⁺, CO₂, or hydrogen peroxide 







Figure 1. Early Stages of Seed Germination are Dependent on Rapid Water Uptake. 
(A) Morphology of a mature Arabidopsis seed. 
(B) Seeds (here: Brassica napus) rapidly take up water in the early stages of seed germination 
(designated imbibition) that cumulates in testa rupture and, upon endosperm rupture, in radicle 
emergence. 
(C) Visible events during seed germination and the following seedling development in 








Solute uptake and the accompanied water influx into the vacuole mediated by TIPs is 
particularly important during seed germination (Figure 1). In many plant species, the 
embryo in the seed is covered by a seed coat (testa) and an endosperm layer, which 
need to be ruptured in order to facilitate embryo outgrowth by radicle emergence. One 
of the first steps during germination is designated imbibition, a rehydration process in 
which seeds rapidly take up water. The subsequent volume change of the vacuole and 
therefore the embryo culminates in testa rupture, endosperm rupture and radicle 
emergence (Weitbrecht et al., 2011). In accordance, TIPs have been found to be 
expressed in seeds (Johnson et al., 1990), and are suggested to play a critical role in 
these early steps of germination (Maurel, 1997, Maurel et al., 1997, Vander Willigen et 
al., 2006, Maurel et al., 1995).  
 
In addition to the importance of turgor regulation for cell expansion and seed 
germination, the reversible volume change mediated by vacuolar swelling and 
shrinking is also fundamental for stomatal movement. Stomata are microscopic pores 
at the leaf surface. Each stomatal pore is surrounded by a pair of specialized epidermal 
cells designated guard cells. Due to differential thickening of the cell walls of guard 
cells, alterations in turgor result in bending and differential opening of the pore that is 
surrounded by the guard cells (Blatt, 2000). Stomatal pores and their tightly controlled 
opening and closing are a prerequisite for plant performance since gas exchange, water 
loss and leaf temperature are regulated by this mean (MacRobbie, 1998, Hetherington, 
2001, Nilson and Assmann, 2007, Kim et al., 2010). Thereby, photosynthesis and plant 
metabolism can be optimally balanced. 
Vacuolar solute fluxes in guard cells are predominantly based on potassium (K⁺) ions 
(Fischer, 1968, Andrés et al., 2014), and on anions such as malate (mal2⁻), chloride 
(Cl⁻) and nitrate (NO₃⁻), as well as on other metabolites such as sugars (Poffenroth et 
al., 1992, Talbott and Zeiger, 1996, Guo et al., 2003). The relative contribution of each 
anion to stomatal movement is dependent on the plant species, the time of the day and 
the environmental conditions (Schnabl and Raschke, 1980, Talbott and Zeiger, 1996). 
Ion fluxes that are directed from the apoplast to the vacuole are responsible for stomatal 
opening, fluxes from the vacuole to the apoplast for stomatal closure. Hence, the 




membrane rapidly change the water potential of guard cells and thereby the direction 
of water fluxes, and contribute to the dynamic movement of stomatal pores (Blatt et al., 
2014, Chen et al., 2012, Wang et al., 2014, Roelfsema and Hedrich, 2005). During 
dark-induced stomatal closure, the volume of Arabidopsis guard cell vacuoles reduces 
20 % compared to the open state (Tanaka et al., 2007). Interestingly, besides changes 
in volume also modifications in the tonoplast morphology have been observed. During 
stomatal closure the guard cell vacuole fragments into many small vacuole (Gao et al., 
2005, Gao et al., 2009, Andrés et al., 2014) that might be able to fuse again when 
opening is required. The fragmentation was suggested to be an elegant strategy to 
reduce vacuolar volume while maintaining the total membrane surface area, in order to 
facilitate rapid re-opening (Figure 2). The changes in volume and morphology during 
stomatal movement demonstrate impressively the plasticity of the vacuole. 
Transport processes in guard cells that contribute to the opening and closure of stomatal 
pores are majorly controlled by environmental stimuli such as light, water availability, 
CO₂ and relative humidity (Hetherington and Woodward, 2003, Kim et al., 2010, 
Shimazaki et al., 2007). The phytohormone ABA (abscisic acid) serves as link between 
the environmental status and transport activities since it initiates and regulates 
intracellular processes in the guard cells that result in stomatal closure. The presence of 
ABA influences regulatory factors, including the phosphorylation status of proteins 
(Lee et al., 2009, Geiger et al., 2009, Geiger et al., 2010, Imes et al., 2013) or the 
membrane potential (Ache et al., 2000, Hosy et al., 2003, Kim et al., 2010), which 
directly modulate the activity of transport processes across the plasma and vacuolar 
membrane. The mode of action and transduction of ABA-mediated signals in guard 
cells is well studied and reviewed in Joshi-Saha et al. (2011) and Munemasa et al. 






Figure 2. Guard Cell Vacuole Dynamics during Stomatal Movement. 
(A) Model (upper panel) and confocal laser scanning microscopy (lower panel) of Vicia faba 
guard cell vacuolar organization during stomatal opening and closure. The vacuoles are labeled 
using acridine organge. N, nucleus; V, vacuole. Bars = 10 µm. Adapted from Gao et. al., 2009.   
(B) Vacuolar morphology in Arabidopsis guard cells visualized with the aquaporin 
AtTIP1;1:GFP during opening (light) and closure (dark). Depicted are bright-field (right 
panels) and GFP images (left panels). Scale bars = 5 µm.  
(C) Three-dimensional projection of vacuolar morphology in Arabidopsis guard cells. Vacuoles 
are loaded with the vacuolar dye 2’,7’-bis-(2-carboxyethyl)-5-(and-6)-carboxyfluorescein 
acetoxymethyl (BCECF-AM) in closed (left panel) and open (right panel) state. The 
auto-fluorescence signal of chloroplasts is shown in red. (B) and (C) are adapted from Andrés 




1.1.2. Storage of Nutrients, Metabolites and Signaling Compounds 
A major function of the vacuole is to maintain optimal conditions in the cytosol and 
guarantee plant metabolism. The storage of nutrients and metabolic intermediates in the 
vacuole regulates cellular metabolism and assists continuous plant growth under 
fluctuating environmental conditions. Besides, signaling compounds are reversibly 
stored in vacuoles to fine-tune cytosolic concentrations. In the following, the functional 
role of vacuolar storage is discussed, and NO₃⁻, malate and calcium (Ca2+) fluxes were 
selected as examples.  
 
The vacuole serves as a temporal storage reservoir for nutrients to buffer fluctuations 
in availability. Nutrients can be accumulated to safe in times of plenty and remobilized 
by vacuolar release during scarcity. Hence, directed nutrient fluxes into or out of the 
vacuole allow adaptation to cytosolic nutrient levels according to the current 
physiological requirement and specific cellular demands. Nitrogen availability is a 
major limiting factor for plant growth and crop production (Frink et al., 1999). Nitrogen 
is a key structural component of macromolecules in plants and can act as signal that 
impacts on many aspects of plant biology. The nutrient NO₃⁻ is the primary nitrogen 
source for most plants (Dechorgnat et al., 2011). To guarantee nitrogen use efficiency 
and high accumulation of NO₃⁻, plants need to possess an antiporter at the tonoplast 
with NO₃⁻-selectivity (De Angeli et al., 2006). This is because a NO₃⁻-selective 
channel would only account for concentration gradients of 3-fold between cytosol and 
vacuolar lumen, whereas secondary active transporters allow an accumulation factor of 
up to 100 (De Angeli et al., 2006, Cookson et al., 2005). Interestingly, it is only common 
for land plants to store NO₃⁻ as a nitrogen reserve in the vacuole, whereas aquatic 
photosynthetic organisms such as the algae Chara do not accumulate NO₃⁻ above 
passive transport levels, even upon exposure to high NO₃⁻ concentrations for several 
month (Miller and Zhen, 1991).  
 
The relative importance of storing the metabolite malate is also dependent on the plant 
species and the organ type. Malate is the most predominant carboxylate in most plants 
and an intermediate of the tricarboxylic acid cycle in all plant species (Fernie et al., 




1994). In general, in vacuoles malate serves as an important charge-balancing anion 
(largely for K⁺), regulates cell turgor and cytoplasmic pH, and contributes to stomatal 
movement and microbe interaction as a root exudate in the rhizosphere (Martinoia et 
al., 2007, Fernie and Martinoia, 2009, Martinoia and Rentsch, 1994). In addition, in 
plants that exhibit Crassulacean Acid Metabolism (CAM) and C₄ photosynthesis (Black 
and Osmond, 2003) malate plays a fundamental role as central intermediary in the 
process of photosynthetic carbon assimilation. CAM is an adaptation of photosynthesis 
to heat and limited availability of water (Cushman and Bohnert, 1999). In plants that 
can perform CAM, such as Mesembryanthemum crystallinum, CO₂ is fixed during the 
night by malic acid synthesis via the cytosolic enzyme phosphoenolpyruvate 
carboxylase (PEPC) and malate dehydrogenase (MDH), and large amounts of this 
temporary carbon storage molecule are accumulated in mesophyll cell vacuoles. During 
the light period, stomata close and malic acid is released into the cytosol and 
subsequently decarboxylated into pyruvate and CO₂ via NADP- and/or NAD-malic 
enzyme, or via pyruvate Pi dikinase, depending on the species (Cheffings et al., 1997). 
CO₂ in turn is re-assimilated in the Calvin Cycle in chloroplasts by ribulose-1,5-
bisphosphate carboxylase (RUBISCO) (Cushman and Bohnert, 1999). Taken together, 
day-night fluxes of malate across the vacuolar membrane are a prerequisite of CAM 
plants to limit water loss during the hot day period.  
Besides its major role as counter-anion and in CAM plants, malate is also highly 
accumulated in fruits of various plant species (Etienne et al., 2013, Etienne et al., 2014, 
Lobit et al., 2006). The accumulation of malic acid and other organic acids such as citric 
acid (Etienne et al., 2013) majorly influences the titratable acidity of fruits and thereby 
determines their quality. Malic acid is the predominant organic acid in ripe apple, peach 
loquat and pear fruits, whereas citric acid is dominant in citrus fruits (Etienne et al., 
2013, Etienne et al., 2014), and tartaric acid contributes highly to the acidity of grape 
berries (Terrier et al., 2001). The malate concentration undergoes great changes during 
fruit growth and ripening (Etienne et al., 2014, Conde et al., 2007, Terrier et al., 2001), 
and several studies have suggested that the level of malate accumulation in fruits is 
controlled at the level of vacuolar storage (Etienne et al., 2013, Lobit et al., 2006, 
Berüter, 2004, Schauer et al., 2006). Uptake of malate into the fruit vacuole has been 




been speculated that the Aluminum-activated Malate Transporter (ALMT) family (see 
below) which encompasses channels that mediate malate uptake could play a role in 
organic acid accumulation in fruits (Etienne et al., 2013). Nevertheless, the regulation 
mechanisms and factors that influence fruit acidity and malate metabolism, transport 
and accumulation in mesocarp cells are still obscure, since these processes are 
dependent on complex genetic, developmental and environmental factors (Etienne et 
al., 2013, Etienne et al., 2014). 
 
Vacuoles form a major intracellular store of Ca2+ ions which exhibit profound signaling 
function in plant cells. In response to a number of abiotic and biotic stresses (e.g. light, 
touch, low or high temperature, oxidative stress, or elicitors), as well as hormonal 
stimuli, Ca2+ is released from the vacuole which causes changes in free cytosolic Ca2+ 
concentrations (Kudla et al., 2010). Thus, to guarantee appropriate signal transduction, 
Ca2+ storage in intracellular reservoirs such as the vacuole are tightly regulated, and 
concentrations in the cytosol must be kept constant and low. Ca2+ accumulates into the 
vacuole by both, ATP-driven Ca2+ pumps (Sanders et al., 2002) and H⁺-coupled Ca2+ 
antiporters (Williams et al., 2000, Shigaki and Hirschi, 2000), and is released by ion 
channels at the tonoplast (Pottosin and Schönknecht, 2007, Peiter, 2011). The efflux 
from intracellular stores can be activated by second messengers such as inositol 
1,4,5-triphosphate (InsP₃) (Schumaker and Sze, 1986, Alexander et al., 1990), inositol 
hexakiphosphate (InsP₆) (Lemtiri-Chlieh et al., 2000, Lemtiri-Chlieh et al., 2003), or 
cyclic ADP-ribose (cADPR) (Allen et al., 1995). However, the genetic basis of the 
corresponding genes that code for vacuolar Ca2+ channels are still under debate (Peiter, 
2011, Isayenkov et al., 2010, Martinoia et al., 2012). 
 
1.1.3. Sequestration of Toxic Ions  
The vacuole does not only take up beneficial ions and serves as a temporal storage 
reservoir. Many ions display toxicity, especially when accumulated to high 
concentrations, and need to be sequestered into the vacuole to keep the cytosolic 
conditions optimal for metabolism. For instance, Cl⁻ is an essential micronutrient for 




membrane potentials, and as a regulator for pH gradients, turgor, the osmotic 
homeostasis and enzyme activity in the cytosol (White and Broadley, 2001, Teakle and 
Tyerman, 2010). Yet, when accumulated excessively in the cytosol Cl⁻ ions turn 
harmful for the plant. The critical concentration at which Cl⁻ becomes toxic is 
dependent on the plant species, and is estimated to be 4-7 mg g-1 dry weight (DW) for 
Cl⁻ sensitive species such as alfalfa (Medicago sativa) or citrus (Citrus sp.) and 
15-50 mg g-1 DW for tolerant species such as corn (zea mays), cotton (Gossypium 
hirsutum) or lettuce (Lactuca sativa) (Teakle and Tyerman, 2010, Xu et al., 1999). Cl⁻ 
interferes with metabolic processes such as the photosynthetic capacity by initiating 
chlorophyll degradation in the chloroplasts, and thus limits plant growth (Tavakkoli et 
al., 2010, Tavakkoli et al., 2011). In addition, Cl⁻ ions might build up in the apoplast 
and dehydrate cells, and in the cytoplasm where they might inhibit enzymes involved 
in carbohydrate metabolism (Munns and Tester, 2008). Cl⁻ toxicity mainly occurs 
during salinity (NaCl) stress, and is therefore accompanied by a simultaneous toxic 
effect of sodium (Na⁺) accumulation. In contrast to the micronutrient Cl⁻, Na⁺ is non-
essential for plants. High Na⁺ concentrations interfere inter alia with K⁺ and Ca2+ 
nutrition, which results in the inhibition of enzymatic processes and protein synthesis 
in the cytosol (Munns and Tester, 2008), and disturb efficient stomatal conductance 
resulting in a depression of photosynthesis and plant growth (Tavakkoli et al., 2010, 
Tavakkoli et al., 2011, James et al., 2006, Munns and Tester, 2008). Salinity tolerance 
strategies and adaptation mechanisms for both, excessive Na⁺ and Cl⁻ ions, are 
discussed in detail in Section 1.3.  
Besides Cl⁻ and Na⁺, many other ions such as heavy metals can exhibit detrimental 
effects on plants, and are sequestered into the vacuole to counteract their toxicity in the 
cytosol (Martinoia et al., 2012). Again, some of them are essential mineral nutrients 
(iron, zinc, copper, manganese, nickel and molybdenum), yet become toxic at a certain 
concentration. For instance, iron is engaged in redox reactions, zinc is associated with 
numerous proteins, and copper is involved in plastidic electron transport and is crucial 
for the protection against oxidative stress (Wintz et al., 2003, Martinoia et al., 2012, 
Briat et al., 2007); yet the concentration of these free metals must be kept extremely 
low in the cytosol in order to avoid toxic symptoms such as oxidative stress or enzyme 




lead, chromium and mercury are not required for plant physiology and metabolism 
(Peng and Gong, 2014), and are taken up by plants owing to the indiscriminate nature 
of some transporters. These metal(loid)s cause oxidative injury and competitive 
inhibition of essential mineral nutrients. To detoxify heavy metals and maintain low but 
essential concentrations of them in the cytosol, plants have evolved several transporter 
proteins at the tonoplast to sequester (and release) these ions into the vacuole in a highly 
controlled manner (Peng and Gong, 2014, Martinoia et al., 2007, Martinoia et al., 2012). 
Besides the sequestration of the heavy metal ions in the vacuole, another detoxification 
strategy is the uptake of chelated heavy metals across the tonoplast. Chelators such as 
the so called phytochelatins (PC) (reviewed in Mendoza-Cózatl et al., 2011), 
glutathione or nicotianamine (reviewed in Curie et al., 2009), form stable metal 
complexes that are subsequently sequestered into vacuoles for detoxification 






















1.2. Transporters at the Vacuolar Membrane 
 
The vacuolar membrane is a hydrophobic barrier composed of a lipid bilayer that cannot 
be freely passed by water-soluble molecules (e.g. ions and carbohydrates) via diffusion. 
Therefore, the tonoplast is equipped with complex transport proteins that catalyze the 
selective fluxes of diverse molecules with distinct size, chemical properties and origins 
into and out of the vacuole. To fine-tune and constantly control and adapt vacuolar 
fluxes, the transport protein composition and activity at the tonoplast is impressively 
dynamic:  proteins can be regulated by changes in protein abundance through 
differential gene expression or by modifications in protein activity (e.g. by post-
translational modification or by interacting proteins) (reviewed in Neuhaus and 
Trentmann, 2014). 
Three classes of membrane-embedded transport proteins can be found at the tonoplast. 
Primary active transporters directly utilize energy to catalyze the transport of 
compounds. An example are vacuolar proton (H⁺) pumps which use the energy gained 
from ATP or PPᵢ hydrolysis to translocate H⁺ against the electrochemical gradient into 
the vacuolar lumen and store potential energy by establishing a pH gradient (ΔpH) and 
transmembrane potential difference, the membrane potential (Δᴪ) (Gaxiola et al., 
2007). Secondary active transporters also translocate compounds against their 
concentration or electrochemical gradient. This kind of transport is dependent on ΔpH 
and Δᴪ generated and maintained by pumps, and uses the energy dissipated by a 
downhill movement of a molecule across the tonoplast to catalyze the concurrent 
movement of a molecule uphill the electrochemical gradient. The two substrates can be 
translocated in the same or opposite direction across the membrane, defining the two 
classes of secondary active transporters, the symporters and antiporters (Etxeberria et 
al., 2012). In contrast to active transporters, ion channels belong to a third class of 
tonoplast transport proteins that function as selective pores (Gouaux and Mackinnon, 
2005) and permit fluxes down the electrochemical potential of the permeating ion. The 
diffusion of solutes through ion channels is rapid, allowing fluxes of 108 ions per 
second. Due to the thermodynamics, channel-mediated ion fluxes are considered 





Figure 3. Selected Transport Proteins at the Tonoplast of Arabidopsis thaliana. 
Transport of solutes and accumulation across the tonoplast is an energy consuming process. 
The plant vacuolar membrane is energized by primary active transporters that use energy out 
of the hydrolysis of ATP or PPᵢ to acidify the vacuolar lumen and establish a membrane 
potential across the tonoplast. Depicted are the responsible vacuolar proton pumps, the V-PPase 
(1) and the V-ATPase (2). Secondary active transporters (symporters and antiporters) 
translocate substrates such as cations (5) and various anions against their electrochemical 
gradient. Channels catalyze the thermodynamic downhill transport of substrates such as cations 
(4) and several anions. Aquaporins (TIPs; 3) are pores that facilitate water fluxes across the 
tonoplast. Identified and characterized transport proteins that mediate anion fluxes across the 
tonoplast are depicted, and described in the text in more detail. Note: ion coupling ratios of 
secondary active transporters are not indicated. Additionally, it has not been shown whether 








The combined and concerted action of these three classes of transport facilitate the 
variety of fluxes across the tonoplast. Nowadays, transporter proteins implicated in 
several aspects of vacuolar function have been started to be identified and characterized. 
Here, the transport proteins and protein families that energize the vacuolar membrane 
as well as secondary active transporters and channels that selectively catalyze the 
movement of organic and inorganic anions across the tonoplast will be discussed in 
more detail (Figure 3). 
 
1.2.1. Energizing Ion Transport across the Tonoplast 
The tonoplast is energized by two types of H⁺-translocating pumps: the vacuolar 
H⁺-ATPase (V-ATPase), which is fueled by ATP, and the H⁺-pyrophosphatase 
(V-PPase), which makes use of the chemical energy of the phosphoanhydride bond of 
pyrophosphate (PPi) (Gaxiola et al., 2007, Hedrich et al., 1989). The H⁺-pump activity 
of both enzymes generates the so called proton motif force (pmf) that consists of a steep 
ΔpH across the tonoplast (2-4 pH units) and a rather small tonoplast membrane potential 
gradient (Δᴪ; -10 to -30 mV) (Martinoia et al., 2007, Walker et al., 1996, Pottosin and 
Schönknecht, 2007). The pmf can energize secondary activate transport to translocate 
compounds against their concentration or electrochemical gradient. In addition, ion 
diffusion through channel proteins depends not only on the concentration gradient of 
the permeating ion, but can also be regulated through Δᴪ that is generated by the 
activity of the H⁺-pumps, highlighting the necessity of the V-ATPase and the V-PPase 
in facilitating secondary active and passive trans-tonoplast solute fluxes (Figure 3).  
In the vacuolar membrane the V-ATPase is the major pump and can account for up to 
35 % of the total proteins (Klink et al., 1990). However, both the V-ATPase and the 
V-PPase are highly abundant in the tonoplast (Carter et al., 2004, Jaquinod et al., 2007, 
Shimaoka et al., 2004) and can be found in all types of vacuoles (Hedrich et al., 1989). 
It is assumed that only the combined action of both pumps enables plants to maintain 
transport across the tonoplast in various tissues, developmental stages and even under 




The V-PPase consists of a homodimer (two 71-80 kDa subunits) of a single polypeptide 
chain (Maeshima, 2000, Gaxiola et al., 2007). Its substrate, PPi, is a by-product of 
several biosynthetic processes, such as DNA and RNA synthesis or sucrose and 
cellulose synthesis (Martinoia et al., 2007). In contrast to the V-PPase, the V-ATPase 
is an enormous enzyme complex with a molecular weight of more than 700 kDa that is 
highly conserved in all eukaryotes (Stevens and Forgac, 1997, Nishi and Forgac, 2002, 
Schumacher and Krebs, 2010). In Arabidopsis at least 26 genes encode for the multiple 
subunits, the expression of which is subject to intense regulations under various 
environmental stress conditions (Dietz et al., 2001, Sze et al., 2002). The holoenzyme 
can be subdivided into two major functional domains, V₁ and V₀. The membrane 
peripheral cytoplasmic V₁ sector with its eight subunits is required for ATP binding 
and hydrolysis, and H⁺-translocation across the tonoplast occurs through the multi-
subunit V₀ complex that is membrane-intrinsic (Sze et al., 1999, Schumacher and 
Krebs, 2010). Interestingly, many subunits are encoded by several isogenes (Sze et al., 
2002), and the number of isoforms can differ between species (Kluge et al., 2003). In 
addition, different isoforms can exhibit distinct intracellular localizations not only in 
the vacuolar membrane, but also in the trans-Golgi network/ early endosomes 
(TGN/EE) (Brüx et al., 2008, Krebs et al., 2010, Kawasaki-Nishi et al., 2001, Dettmer 
et al., 2006, Schumacher and Krebs, 2010), increasing the complexity of the pump, and 
the challenge to study its different physiological functions. The functional relation and 
relative contribution of V-ATPases at the tonoplast and the TGN/EE and the V-PPase 
to the acidification of the vacuolar lumen is still not fully understood (Krebs et al., 2010, 
Kriegel et al., 2015).  
Besides these two proton pumps, some plant species contain also P-type H⁺-ATPases 
at the tonoplast that are expressed in specific cell-types or tissues such as petal 
epidermis cells of petunia (Petunia hybrida) and that are involved in vacuolar 
hyperacidification (Müller et al., 1996, Faraco et al., 2014, Verweij et al., 2008, 







1.2.2. Anion Channels and Transporters at the Tonoplast 
The vacuolar functions discussed above, including turgor establishment and cell 
volume change, and nutrient storage and detoxification, are highly dependent on anion 
fluxes across the tonoplast. In the following, gene families encoding for transporter or 
channel proteins that mediate the fluxes of inorganic anions such as Cl⁻ and NO₃⁻ and 
organic anions such as malate across the vacuolar membrane will be discussed with 
respect to knowledge mainly gained from the model plant Arabidopsis (Figure 3). It 
will become apparent that during the last decades, tremendous progress has been made 
in deciphering the properties of these vacuolar transport proteins regarding (i) their 
molecular identity, (ii) their thermodynamic properties (e.g. passive or active transport, 
flux direction, coupling ratio where applicable); (iii) their substrate specificity; (iv) their 
regulation (e.g. transcriptional or post-translational); (v) their tissue-specific expression 
pattern; and (vi) their functional role in plants.  
 
1.2.2.1. AtCLCs 
The ubiquitous Chloride Channel (CLC) gene family is present in most organisms 
including bacteria, yeast, animals and plants (Jentsch, 2008). The first CLC that was 
characterized is the voltage-gated channel CLC-0 that mediates Cl⁻ currents in the 
electric organ of Torpedo fish (White and Miller, 1979, Jentsch et al., 1990). CLCs 
were originally described to act as channels, whereas others have been found to function 
as anion/ H⁺ antiporters (Accardi and Miller, 2004, Picollo and Pusch, 2005, De Angeli 
et al., 2006, Zifarelli and Pusch, 2010). Astonishingly, the mutation of one amino acid, 
the so called ‘gating glutamate’, into an uncharged residue has been suggested to 
abolish the coupling between anions and H⁺ and converts an CLC antiporter into a 
protein with channel characteristics (Bergsdorf et al., 2009). 
In Arabidopsis, the CLC family is composed of seven members named AtCLCa to 
AtCLCg. Among them, the four members AtCLCa-c and AtCLCg are localized at the 
tonoplast or prevacuolar compartements, while AtCLCd and AtCLCf reside in Golgi 
vesicles and AtCLCe was shown to be localized in the thylakoid membrane of 




Fecht-Bartenbach et al., 2007). The first characterized CLC in plants was the vacuolar 
transporter AtCLCa in Arabidopsis. Geelen and co-workers observed that a 
loss-of-function mutant of AtCLCa exhibits reduced NO₃⁻ contents in shoots and roots 
compared to the wild-type (Geelen et al., 2000). A subsequent study revealed that 
AtCLCa is a substrate-specific antiporter that couples NO₃⁻ transport to the export of 
H⁺ across the tonoplast with a stoichiometry of 2:1 to drive NO₃⁻ accumulation into the 
vacuole (De Angeli et al., 2006). Thereby, AtCLCa activity accounts for up to 50 % of 
the NO₃⁻ storage in Arabidopsis (Geelen et al., 2000, Monachello et al., 2009, Wege et 
al., 2010). Its substrate-specificity for NO₃⁻ over Cl⁻ is dependent on a single amino 
acid, proline 160 (Bergsdorf et al., 2009, Wege et al., 2010, Dutzler et al., 2002). 
Interestingly, substituting this residue with a serine (P160S), which occurs at the 
corresponding position in most CLCs, abolishes the preferential NO₃⁻ selectivity of 
AtCLCa and results in similar Cl⁻ and NO₃⁻ transport rates. The importance of this 
residue for vacuolar NO₃⁻ uptake is substantiated by the fact that the expression of the 
native AtCLCa-P160 in atclca knock-out mutants, but not the expression of the 
AtCLCa-P160S transporter mutant variant, complements the reduction in NO₃⁻ 
accumulation (Wege et al., 2010).  
Besides its importance in vacuolar NO₃⁻ storage, AtCLCa is expressed in guard cells 
and has a functional role in stomatal movement (Wege et al., 2014). As expected from 
previous studies, AtCLCa has been shown to be involved in stomatal opening through 
vacuolar NO₃⁻ uptake. However, it has also been uncovered that AtCLCa fulfills a role 
in stomatal closure in response to ABA, indicating that the transporter mediates 
bidirectional fluxes that are physiologically relevant. The outward current of AtCLCa 
was found to be enhanced by the phosphorylation of threonine 38 at the amino-terminal 
cytoplasmic domain. Apart from providing new insights into the physiological function 
of AtCLCa, this study disclosed a central regulatory mechanisms of the 
electrophysiological properties of AtCLC transporters (Wege et al., 2014). 
Among all CLCs in Arabidopsis, AtCLCa and AtCLCb share the highest degree of 
homology and are approximately 80 % identical (Barbier-Brygoo et al., 2010). As 
observed in Xenopus leavis (Xenopus) oocytes, AtCLCb also functions as a NO₃⁻/ H⁺ 




al., 2010). However, knock-out mutants did not uncover a clear phenotype, retaining its 
physiological function in planta undetermined. 
 
The two other AtCLCs that reside in (pre)vacuolar membranes, AtCLCc and AtCLCg, 
are assigned a functional role in Cl⁻ transport in Arabidopsis. Accordingly, and in 
contrast to AtCLCa (Bergsdorf et al., 2009, Wege et al., 2010, Dutzler et al., 2002), 
both proteins display the sequence motif in favor of a transporter with Cl⁻ selectivity 
(Zifarelli and Pusch, 2010). AtCLCc is localized to the tonoplast and highly expressed 
in pollen and stomata (Jossier et al., 2010). Knock-out mutants showed impaired 
light-dependent stomatal opening and ABA-insensitivity during stomatal closure. The 
wild-type stomatal movement was restored upon exchanging KCl with KNO₃ in the 
opening buffer bath solution, indicating that the phenotype of atclcc mutants is based 
on impaired Cl⁻ translocation across the tonoplast of guard cells. Another set of 
experiments revealed that atclcc mutants have higher sensitivity to NaCl and KCl stress, 
substantiating an implication of the transport protein in transmembrane Cl⁻ fluxes 
(Jossier et al., 2010). Similarly, mutants lacking the vacuolar AtCLCg showed reduced 
biomass production under NaCl and KCl exposure, but not under osmotic stress upon 
mannitol application (Nguyen et al., 2015). In the presence of NaCl, atclcg mutant 
plants over-accumulated Cl⁻ in shoots compared to the wild-type, pointing towards a 
role of AtCLCg in Cl⁻ homeostasis during salt stress. AtCLCg is expressed in mesophyll 
cells, hydathodes and the phloem, and double mutants of atclcc atclcg revealed that 
both transport proteins do not act redundantly (Nguyen et al., 2015). Nevertheless, 
further research is required to determine the electrophysiological characteristics of 
AtCLCc and AtCLCg, i.e. the selectivity, the flux direction, and the thermodynamics 
of the transport. 
 
1.2.2.2. AtNRT2.7 
Another protein family in which members have been shown to facilitate anion transport 
across biological membranes is the NRT (Nitrate Transporter) family of Arabidopsis, 
which is divided into NRT1s and NRT2s (Tsay et al., 2007). In Arabidopsis, there are 




most members of the NRT1 family are predominantly low-affinity NO₃⁻ transporters. 
NRT1 transporters belong to the same family as Peptide Transporters (PTR) which 
transport a broad spectrum of substrates (Tsay et al., 2007) including Cl⁻ (Li et al., 
2015). Recently a unified nomenclature for NRT1/PTR has been proposed. Members 
of this family should be named NPF (NRT1/PTR Family) (Léran et al., 2014). 
AtNPFs and most AtNRT2 family members have been shown to be localized to the 
plasma membrane. The only vacuolar AtNRT protein characterized to date is 
AtNRT2.7 (Chopin et al., 2007). The gene is speciﬁcally expressed at the ﬁnal stage of 
seed maturation. Interestingly, the seed is an organ in which AtCLCa is not expressed 
(Martinoia et al., 2012). NO₃⁻ transport activity of AtNRT2.7 has been demonstrated 
in Xenopus oocytes and in mutant plants deficient in NO₃⁻ transport by ectopic 
expression. Accordingly, knock-out mutants of the vacuolar NO₃⁻ transporter showed 
reduced NO₃⁻ contents in mature seeds, suggesting that AtNRT2.7 is involved in the 
loading of NO₃⁻ into embryo vacuoles. 
 
1.2.2.3. AtSULTR4-1 and AtSULTR4-2 
Sulphur is one of the essential macronutrient for growth of higher plants. Excessive 
sulphate (SO₄2⁻) accumulates mainly in the vacuoles and constitutes a large internal 
sulphur reserve (Martinoia et al., 2000). The access of internal SO₄2⁻ pools by vacuolar 
release is fundamental for plant growth and development (Martinoia et al., 2007). Two 
vacuolar SO₄2⁻ transporters, AtSULTR4-1 and AtSULTR4-2, have been identified in 
Arabidopsis (Kataoka et al., 2004). They function as SO₄2⁻ exporter upon SO₄2⁻ 
limitation in xylem parenchyma cells. In accordance, AtSULTR4-1 is transcriptionally 
up-regulated in shoots, and AtSULTR4-2 expression is induced in both shoots and roots 
under SO₄2⁻ starvation. Vacuoles isolated from plants lacking both transport proteins 
(atsultr4-1 atsultr4-2) contained higher amounts of SO₄2⁻ compared to the wild-type. 
On the whole-tissue level, double knock-out mutants exhibited higher SO₄2⁻ contents 
in roots, whereby shoot accumulation was not affected (Kataoka et al., 2004). 




and the same is true for the import of phosphate, another nutrient that is temporary 
stored in plant vacuoles (Massonneau et al., 2000).  
 
1.2.2.4. AttDT 
The Arabidopsis tonoplast dicarboxylate transporter AttDT (Emmerlich et al., 2003) is 
orthologous to the animal Na⁺/dicarboxylate transporter (NaDC1-3). In the Arabidopsis 
genome AttDT is the only homolog of the human NaDC family. While vertebrate 
Na⁺/dicarboxylate transporter are located at the plasma membrane and their activity is 
regulated by Na⁺ (Markovich and Murer, 2004), AttDT is targeted to the tonoplast and 
its activity displays Na⁺-independency (Emmerlich et al., 2003). It is proposed that 
AttDT drives the accumulation of dicarboxylic acids such as malate by the 
electrochemical gradient that exists across the tonoplast (Meyer et al., 2010a). In 
addition, it has been suggested that this transporter catalyzes both, vacuolar import and 
export of malate (Hurth et al., 2005). Mutant analysis of plants deficient in AttDT 
revealed no visible phenotype, but a significant reduction of malate accumulation in 
leaves compared to the wild-type (Hurth et al., 2005). Furthermore, mesophyll 
protoplasts of attdt knock-out mutants are more sensitive to cytosolic acidification, 
substantiating a role of vacuolar malate uptake in cytosolic pH regulation. Interestingly, 
patch-clamp measurement revealed that attdt vacuoles still exhibit strong 
inward-rectifying vacuolar malate currents (Emmerlich et al., 2003, Hurth et al., 2005), 
highly suggesting that two translocations systems, vacuolar malate transporters and 
vacuolar malate channels, are implicated in its accumulation in the vacuole that show 
partially functional redundancy. The corresponding channel proteins have been 
demonstrated to be encoded by genes belonging to the Aluminum-activated Malate 
Transporter (ALMT) family which will be discussed in the next paragraph.     
 
1.2.2.5. AtALMTs 
ALMTs belong to a gene family that is exclusive to plants. In Arabidopsis, the family 
is composed of 14 members (Kovermann et al., 2007). Based on the amino acid 





Figure 4. Dendogram of the AtALMT family of Arabidopsis thaliana.  
Based on amino acid sequence similarities, the Aluminum-activated Malate Transporter 
(AtALMT) protein family in Arabidopsis can be subdivided into three clades. The wheat 
ALMT1 homolog (TaALMT1) clusters in the same clade as AtALMT1. Branch length are 
proportional to the level of interfered evolutionary change, and are given in relative units. 
Adapted from Kovermann et al., 2007. 
 
AtALMT1, AtALMT2, AtALMT7, AtALMT8 and AtALMT10; clade II encompasses 
the members AtALMT3, AtALMT4, AtALMT5, AtALMT6 and AtALMT9; and 
clade III is composed of the members AtALMT11-14 (Figure 4). However, the first 
identified and characterized ALMT was not an Arabidopsis protein, but TaALMT1 of 
bread wheat (Triticum aestivum). 
Molecular comparison of a pair of near-isogenic wheat lines that differed in their 
sensitivity to aluminum ions identified TaALMT1 as a component of aluminum 
tolerance in wheat (Sasaki et al., 2004). In addition, mapping of TaALMT1 revealed that 
the gene correlates with a major QTL for aluminum resistance (Raman et al., 2005). 
Aluminum is toxic for plants due to the solubilization of Al3+ cations in acidic soils. In 




to Al3+ into the soil to chelate the trivalent cation and form non-toxic complexes. In 
accordance, in wheat the capacity of aluminum to stimulate carboxylate efflux into the 
rhizosphere co-segregates with aluminum tolerance (Delhaize et al., 1993a), and the 
involvement of an aluminum-activated anion channel in roots in this process has been 
suggested (Ryan et al., 1997, Delhaize et al., 1993b). TaALMT1, the long-sought-after 
carboxylate channel, has been shown to be constitutively expressed in root apices and 
to be localized at the plasma membrane (Yamaguchi et al., 2005). Detailed 
electrophysiological studies in Xenopus oocytes revealed that TaALMT1 is a channel 
that mediates malate efflux into the rhizosphere, and that its activity is increased in 
response to Al3+ ions (Piñeros et al., 2008a). TaALMT1 clusters in the same clade as 
AtALMT1, and both proteins share a 44 % sequence identity (Barbier-Brygoo et al., 
2010; Figure 4). As its counterpart in wheat, AtALMT1 localizes to the tonoplast of 
root cells and shows similar channel properties by mediating Al3+-activated malate 
extrusion (Hoekenga et al., 2006, Kobayashi et al., 2007). Studies of ALMT1 in several 
species indicated that its functionality is highly (Hoekenga et al., 2006, Kobayashi et 
al., 2007, Ligaba et al., 2006, Fontecha et al., 2007) but not fully (Piñeros et al., 2008b) 
conserved within plants. Indeed, for instance the Brassica napus homolog, BnALMT1, 
is involved in conferring aluminum tolerance through facilitating the efflux of 
carboxylates into the rhizosphere (Ligaba et al., 2006), but the Zea mays homolog, 
ZmALMT1, is not activated by extracellular Al3+ and is more permeable for inorganic 
anions such as Cl⁻ and NO₃⁻ than for malate (Piñeros et al., 2008b). In addition to its 
function in aluminum tolerance, malate extrusion mediated by AtALMT1 has been 
shown to recruit beneficial bacteria in the rhizosphere and stimulate plant-microbe 
interaction (Rudrappa et al., 2008). 
Although the aluminum activation of ALMT1 activity gave the family its name, the 
abbreviation is misleading since not all members are aluminum activated, and in fact 
the proteins display characteristics of channels and not transporters. For instance, the 
channel activity of AtALMT12, another characterized member that is localized to the 
plasma membrane in Arabidopsis, is independent of the presence of Al3+ ions (Meyer 
et al., 2010b, Sasaki et al., 2010). AtALMT12 was reported to be highly expressed in 
guard cells and a loss-of-function mutant is impaired in ABA-induced stomatal closure, 




Electrophysiological studies in Xenopus oocytes that express AtALMT12 showed a 
fast, strongly voltage-dependent inward current that corresponds to a 
depolarization-activated anion efflux out of the cell. These properties are reminiscent 
of the rapid-type (R-type) anion currents observed in guard cells (Schroeder and Keller, 
1992). Interestingly, malate has been suggested to be a potent regulator of these R-type 
anion currents (Hedrich and Marten, 1993), and AtALMT12 voltage-dependency is 
shifted by extracellular malate (Meyer et al., 2010b). In addition, atalmt12 knock-out 
mutant and wild-type vacuoles showed no differences in anion current density in the 
absence of malate (Sasaki et al., 2010), but a 40 % reduction in the presence of external 
(apoplastic-side) malate (Meyer et al., 2010b). Together, these results provide strong 
evidence that AtALMT12 is a component of the malate-activated R-type anion currents 
in guard cells which are crucial for stomatal closure.   
AtALMT proteins do not exclusively reside at the plasma membrane. Two members of 
clade II, AtALMT6 and AtALMT9, have been demonstrated to be tonoplast-localized 
channels (Kovermann et al., 2007, Meyer et al., 2011). AtALMT6 is predominantly 
expressed in guard cells and mediates inward-rectifying malate currents corresponding 
to an influx of malate into the vacuole, but is also capable of mediating malate efflux 
(Meyer et al., 2011). Using patch-clamp analyses, the activity of AtALMT6 was found 
to be regulated by cytosolic Ca2+, cytosolic malate and vacuolar pH. Vacuoles released 
from guard cell protoplasts of atalmt6 knock-out mutants showed reduced malate 
currents compared to wild-type vacuoles (Meyer et al., 2011). Nevertheless, no stomatal 
phenotype was observed in atalmt6 plants, pointing towards a functional redundancy 
of malate channels in the vacuoles of guard cells. 
The vacuolar anion channel AtALMT9 has been shown to be expressed in mesophyll 
and guard cells (Kovermann et al., 2007). Patch-clamp analyses of vacuoles released 
from mesophyll protoplasts of Nicotiana benthamiana (tobacco) that transiently 
overexpress AtALMT9 and of Xenopus oocytes that express AtALMT9 showed that 
the protein functions as an inward-rectifying channel that is permeable for malate. 
Similar to atalmt6, vacuoles of atalmt9 knock-out mutants exhibited slightly reduced 
malate currents, but no visible phenotype was observed in early studies (Kovermann et 





Figure 5. AtALMT9 is a Malate-Activated Vacuolar Cl⁻ Channel Required for Stomatal 
Opening. 
(A) and (B) Patch-clamp analyses of AtALMT9-mediated Cl⁻ currents and malate-activated 
Cl⁻ currents in vacuoles of tobacco mesophyll protoplasts that transiently overexpress 
AtALMT9-GFP. Experiments were performed under symmetrical Cl⁻ conditions (100mM 
Cl⁻cyt/ 100mM Cl⁻vac) at -120 mV in an excised cytosolic-side-out patching configuration. The 
cytosolic solution was subsequently exchanged and 1mM malate was added. (A) Representative 
currents elicited before (upper trace) and after the addition of 1mM malate (lower trace). (B) 
Normalized I–V curves in absence (squares) or in presence of 1 mM malate (circles) in the 
cytosolic solution.  
(C) Stomatal aperture measurements on epidermal peels revealed that atalmt9 mutants show an 
impaired light-dependent stomatal opening that is dependent on the presence of Cl⁻ ions in the 
opening buffer. 
(D) atalmt9 knock-out mutants showed less sensitivity to drought stress. Results are from 




Since AtALMT9 is highly expressed in guard cells, in a subsequent study the stomatal 
movement of two independent atalmt9 knock-out mutants was investigated (De Angeli 
et al., 2013b). Compared to the corresponding wild-types, atalmt9 mutants showed a 
reduction in stomatal opening in response to light, whereas the stomatal closure in 
response to darkness and ABA was not impaired. The lower stomatal aperture resulted 
in reduced wilting and reduced sensitivity during drought stress (De Angeli et al., 
2013b; Figure 5). However, the impaired light-dependent stomatal opening and 
enhanced drought resistance was not attributed to the malate permeability of the 
channel. De Angeli and co-workers demonstrated in elaborate patch-clamp analyses 
that AtALMT9 is permeable for Cl⁻, and this Cl⁻ inward current can be activated by 
physiological concentrations (1 mM) of cytosolic malate (Figure 5). Stomata assays on 
epidermal peels of atalmt9 and wild-type plants with opening buffers based on KCl 
revealed that AtALMT9 mediates physiologically relevant Cl⁻ currents. This finding 
was substantiated by electrophysiological studies on ataltm9 knock-out vacuoles 
isolated from mesophyll protoplasts which exhibited reduced overall Cl⁻ currents 
compared to wild-type vacuoles (De Angeli et al., 2013b). To date, AtALMT9 is the 
only member of the ALMT family of which the physiological function was clearly 
attributed to its capability of mediating Cl⁻ fluxes.  
 
Members of the AtALMT family have been characterized with respect to their 
intracellular localization and tissue expression, to their electrophysiological properties, 
and to their physiological function. However, the membrane topology and structural 
and compositional organization of ALMT channels remain largely ambiguous.  
Upon preliminary in silico topology analyses (Kovermann et al., 2007), two studies 
attempted to unravel the topology of ALMT channels in more detail (Motoda et al., 






Figure 6. Model Proposing the Topology of ALMT Channels. 
(A) Motoda and co-workers (2007) proposed a model in which the protein TaALMT1 exhibits 
six transmembrane-spanning domains and both, N- and C- terminus, are located extracellularly.  
(B) In contrast, Dreyer and co-workers (2012) suggest a topology for ALMTs with nine 
transmembrane domains and the N-terminal end being cytosolic. Adapted from Dreyer et al., 
2012. 
 
Motoda and co-workers made use of computer-predictions and immunocytochemical 
techniques to propose a model of the secondary structure of TaALMT1 (Motoda et al., 
2007). The model suggests that TaALMT1 contains six transmembrane domains with 




plasma membrane (Figure 6). Using sequence information of the genome of 32 fully 
sequenced plant species a modified topology was suggested a few years later (Dreyer 
et al., 2012). In this model, the C-terminal half of ALMTs is spanning the membrane 
twice resulting in extracellular and intracellular C-terminal regions. Furthermore, it was 
speculated that the larger N-terminal extension may exhibit another membrane 
spanning region (Figure 6). The discrepancy between both models hampers 
interpretations and conclusions. More detailed structural analyses of ALMTs would be 
valuable to address some open questions: The identification of the conduction pathway 
might add to the understanding of the different substrate specificities, and the 
determination of the cellular localization of N- and C-termini might enlighten putative 
regulatory domains. Besides characterizing structural features and the topology, studies 
on the compositional organization of ALMT channels (i.e. potential homo- and 
heteromerization) might provide insights into the functional redundancy and regulation 
















1.3. Salinity as a Tool to Study Transport Processes in 
Plants 
 
Soil salinity is a central issue for future food production since a quarter to one third of 
all agricultural land on earth are affected and crop yield is severely comprised 
(Rengasamy, 2006, Kronzucker and Britto, 2011). Salt accumulation in arable soils is 
mainly derived from sea water, and from irrigation water that contain salts (Tester and 
Davenport, 2003), and the predominant salt in saline soil is NaCl (Munns and Tester, 
2008).  
Salinity tolerance differs widely between plant species and is defined as the ability of 
plants to maintain growth under saline conditions relative to the growth under 
non-saline conditions (Møller and Tester, 2007). Salinity tolerance research is therefore 
particularly important for applied researchers aiming at improving crop productivity 
under challenging environmental conditions. However, the application of salt stress and 
studying its effects on plants is also a valuable approach to understand transport 
processes since many salinity adaptation mechanisms are based on differences in ion 
movement and controlled ion accumulation and distribution. Although Arabidopsis is 
a glycophyte species sensitive to moderate levels of NaCl and results on salinity 
tolerance obtained from Arabidopsis can only be extrapolated to crop species with 
caution, it is a valuable model plant to study and discover transport processes during 
salinity (Møller and Tester, 2007). For that purpose, transcriptomics and proteomics are 
strong tools to identify candidate genes and proteins (Deyholos, 2010, Tester and 
Davenport, 2003), and Arabidopsis provides unique benefits to understand the role of 
them using genetic and molecular approaches.    
When dealing with salinity (high NaCl concentrations), plants encounter two stress 
components, the osmotic and the ionic. The osmotic stress is based on the decrease of 
water potential in the soil surrounding the roots during salinity, which hinders the plant 
to take up water. The osmotic stress starts immediately and affects stomatal 
conductance and plant growth. Mechanisms that reduce water loss and increase cellular 
water uptake such as the production of compatible solutes account for osmotic tolerance 




the cytosol, the chloroplasts and the apoplast, where toxic ions interfere with metabolic 
processes, inhibit photosynthetic processes and dehydrate cells (reviewed in: Teakle 
and Tyerman, 2010, Munns and Tester, 2008). Although Na⁺ and Cl⁻ impact plant 
physiology differently, both ions exhibit toxic effects on plants simultaneously and their 
cellular damage is additive (Tavakkoli et al., 2010, Tavakkoli et al., 2011, Geilfus et 
al., 2015, Munns and Tester, 2008, Teakle and Tyerman, 2010). Ionic tolerance is 
mainly achieved by two key mechanisms: at the whole-plant level, plants have evolved 
transport mechanisms that prevent the accumulation of excessive toxic ions in the tissue 
where they are most detrimental, in the photosynthetically active mesophyll cells. And 
at the cellular level plants have evolved mechanisms to withstand the toxicity of ions 
once accumulated to high concentrations, mainly through the sequestration into the 
vacuole. In the next paragraphs, these salinity adaptation mechanisms will be discussed, 
and identified and characterized transport proteins involved in these processes will be 
introduced. 
 
1.3.1. Salinity Adaptation Mechanisms at the Whole-Plant Level 
The photosynthetically active shoot tissue is more sensitive to the accumulation of Na⁺ 
and Cl⁻ ions during salinity than roots. Hence, a crucial salinity adaptation mechanism 
on the whole-plant level is the reduction of ion accumulation in the aerial part of the 
plant. This shoot Na⁺ and Cl⁻ exclusion is facilitated at three main control points that 
are associated with regulated ion transport processes: (i) net uptake at the soil-root 
interface; (ii) radial transport across the root; and (iii) xylem loading (Figure 6). 
Notably, the root-to-shoot transfer of ions is not only dependent on regulated transport 
processes that control net uptake, radial transport and xylem loading, but also on 
transpiration rates. Transpiration rates have a major influence on Na⁺ and Cl⁻ transport 
and shoot accumulation (Møller and Tester, 2007, Munns and Tester, 2008) and 
controlled transpiring conditions are therefore a crucial factor when investigating the 





Shoot ion exclusion of Na⁺ highly correlates with the ability of plants to withstand salt 
stress (Munns and Tester, 2008). However, also the limitation of Cl⁻ accumulation has 
been reported to contribute to salinity tolerance in many plant species (Tavakkoli et al., 
2011, Teakle and Tyerman, 2010, Gong et al., 2011, Teakle et al., 2007, Brumós et al., 
2010, White and Broadley, 2001, Läuchli et al., 2008, Moya et al., 2003), whereby the 
genes and proteins that underpin the Cl⁻ exclusion trait during salinity are less studied 
than their Na⁺ counterparts (Teakle and Tyerman, 2010, Henderson et al., 2014, Brumós 
et al., 2009). The relative importance and efficiency of the exclusion of each ion species 
dependents on the plant species. For instance, genetic variation in salinity tolerance in 
some plant species such as wheat correlates with leaf Na⁺ accumulation but not with 
Cl⁻ accumulation (Møller and Tester, 2007, Gorham et al., 1987, Gorham et al., 1990). 
By contrast, salinity tolerance correlates with Cl⁻ exclusion in some other plant species 
(Teakle and Tyerman, 2010, Munns and Tester, 2008), including soybean (Luo et al., 
2005) and lotus (Teakle et al., 2007). However, in many plant species, Na⁺ and Cl⁻ 
fluxes and accumulation are thermodynamically coupled (Teakle and Tyerman, 2010). 
Besides limiting the accumulation of toxic ions in the shoots by controlling transport 
processes at the root, plants distribute Na⁺ and Cl⁻ within the shoots once they have 
been translocated in order to minimize the damage in more sensitive cell types. In the 
following, the transport processes that underpin shoot ion exclusion as well as 
intercellular ion partitioning within the shoots during salinity will be discussed in more 
detail. 
 
1.3.1.1. Net Uptake of Na⁺ and Cl⁻ Ions at the Soil-Root Interface 
The reduction of net ion uptake into root epidermal cells during salinity belongs to the 
major components of salinity tolerance (Figure 7). The main challenge for plants is 
thereby the selectivity of ion transport, i.e. excluding toxic ions while maintaining the 
uptake of beneficial macronutrients such as K⁺, Ca2+ and NO₃⁻. The net uptake at the 
soil-root interface is a function of initial ion entry and efflux of ions back into the soil. 
Both, the concentration gradient and membrane potential at the plasma membrane favor 




to occur through non-selective cation channels (NSCCs) (reviewed by Demidchik and 
Maathuis, 2007), including cyclic nucleotide-gated channels (CNGCs) (reviewed by 
Kaplan et al., 2007) and glutamate-activated channels (GLRs) (reviewed by Davenport, 
2002), and possibly also via members of the high-affinity K⁺ transporter (HKT) family 
and other K⁺ transport proteins (Haro et al., 2005, Laurie et al., 2002, Craig Plett and 
Møller, 2010, Kronzucker and Britto, 2011). Most of the Na⁺ that enters root cells is 
likely transported back out of the cell into the soil via plasma membrane Na⁺/H⁺ 
antiporters (Tester and Davenport, 2003, Blumwald et al., 2000, Pardo et al., 2006). 
However, the active Na⁺ efflux is insufficient to entirely counteract the passive 
unidirectional influx (Jacoby and Hanson, 1985). Efflux to the soil and apoplast is 
presumably facilitated by active transport (Sun et al., 2009). AtSOS1, a Na⁺/H⁺ 
antiporter at the plasma membrane in the root stele and epidermal cells of the root tip 
was identified by mapping of a salt overly sensitive phenotype in Arabidopsis and is a 
candidate for Na⁺ root exclusion (Wu et al., 1996, Ding and Zhu, 1997, Shi et al., 2000, 
Shi et al., 2002). Knock-out mutants that lack AtSOS1 over-accumulate Na⁺ in shoots 
and roots (Shi et al., 2000), whereas plants that overexpress the transporter have reduced 
levels of Na⁺ in the roots and the xylem (Shi et al., 2003). AtSOS1 is regulated by the 
protein kinase AtSOS2, which is in turn regulated by the Ca2+ binding protein AtSOS3 
(Qiu et al., 2002); together, these proteins constitute a crucial component of salinity 
tolerance, the so called SOS pathway. 
Cl⁻ enters the root by active H⁺-dependent transport at low concentrations (Beilby and 
Walker, 1981, Felle, 1994) and passively by channels at high Cl⁻ concentrations 
(Skerrett and Tyerman, 1994). Efflux of Cl⁻ from the roots has also been observed in 
several plant species and appears to contribute to salinity tolerance (Teakle and 






Figure 7. Transport of Na⁺ across the Root during Salinity. 
Depicted are transport proteins that are putatively involved in the transport of Na⁺ in roots 
during salt stress. Initial entry of Na⁺ from the soil to the epidermal cells was suggested to be 
passively mediated by NSCCs (non-selective cation channels), GLRs (glutamate-activated 
channels) and CNGCs (cyclic nucleotide-gated channels) as well as by antiporters of the 
HKT family. Efflux might be catalyzed by Na⁺/H⁺ antiporters such as SOS1at the epidermal 
plasma membrane. Radial Na⁺ fluxes across the root might be partially apoplastic (green route), 
but ions might take predominantly the symplastic pathway (purple route). In the endodermis, 
trans-plasma membrane transport of Na⁺ might be controlled by AtCHX21. Once reached the 
stele, loading of Na⁺ into the xylem vessels is potentially catalyzed by SOS1, while xylem 
retrieval into the xylem parenchyma cells is mediated by AtHKT1;1 and OsHKT1;5 in rice 
(Oryza sativa). EP, epidermis; CO, cortex; EN, endodermis; PR, pericycle; XP, xylem 





1.3.1.2. Radial Ion Transport across the Roots 
After initial entry, the ions pass several cell layers (the epidermis, the cortex, the 
endodermis, and the stele including pericycle and xylem parenchyma cells) before 
reaching the xylem vessels in the center of the root (Figure 7). This process is called 
radial transport across the root and ions can follow a symplastic and transcellular or an 
apoplastic route (Pitman, 1982). In general, apoplastic ion flow could occur up to the 
endodermis, at which point transport across the plasma membrane for entry into the 
symplast is required for further radial movement. However, in Arabidopsis apoplastic 
radial transport of Na⁺ was shown to be minimal (Essah et al., 2003). Symplastic 
transport denotes the translocation of molecules within the cytoplasm of nonvascular 
cells and the movement of these molecules from cell to cell via plasmodesmata 
(Pickard, 2003). Ions are not uniformly distributed along the different cell layers of the 
root, providing evidence for symplastic radial transport, and suggesting that 
mechanisms exists that control the accumulation of ions in specific cell types (Läuchli 
et al., 2008, Craig Plett and Møller, 2010, Storey et al., 2003). In the endodermis of 
Arabidopsis, AtCHX21, a member of the cation/H⁺ exchanger (CHX) family, has been 
suggested to contribute to the control of radial Na⁺ transport towards the xylem (Hall 
et al., 2006). However, its mode of action remains to be elucidated. 
 
1.3.1.3. Net Loading of Na⁺ and Cl⁻ into the Root Xylem 
Similar to net uptake of ions at the root surface, the amount of Na⁺ and Cl⁻ in the root 
xylem is dependent on xylem loading and retrieval from the xylem vessels into the 
xylem parenchyma cells (Figure 7). Controlling this process is crucial since following 
the transport in the xylem vessels Na⁺ and Cl⁻ ions are moved with the transpiration 
stream to the shoots.  
The loading of Na⁺ might be an active process, as supported by the fact that AtSOS1 is 
expressed in the plasma membrane of stelar cells and atsos1 mutants accumulate less 
shoot Na⁺ than wild-type plants (Shi et al., 2002). However, the function of AtSOS1 in 
xylem loading has not been fully elucidated (Craig Plett and Møller, 2010). The 




understood. In Arabidopsis, AtHKT1;1, that belong to the HKT family, plays a 
fundamental role in this process (Davenport et al., 2007). AtHKT1;1 is a Na⁺-selective 
uniporter that is highly expressed in the plasma membrane of root stelar cells and that 
catalyzes the influx of Na⁺ from the xylem vessels back into xylem parenchyma cells. 
Thereby, AtHKT1;1 reduces root-to-shoot ion transfer and Na⁺ accumulation in shoots. 
Based on its function it is intuitive that hkt1;1 knock-out mutants show elevated xylem 
(Sunarpi et al., 2005) and shoot Na⁺ levels during salinity (Mäser et al., 2002). In 
contrast, cell type-specific overexpression of HKT1;1 in stelar root cells reduces shoot 
Na⁺ contents by 37 to 64 % (Møller et al., 2009). Interestingly, also natural variations 
of HKT1;1 expression correlate inversely with shoot Na⁺ accumulation in several 
Arabidopsis accessions (Rus et al., 2006, Jha et al., 2010). In addition, mutant plants of 
the transcription factor ABI4 (Shkolnik-Inbar et al., 2013) and ARR1 and ARR12 
(Mason et al., 2010) exhibit elevated expression levels of HKT1;1 that result in reduced 
shoot Na⁺ accumulation. Hence, in several studies it became apparent that the 
transcriptional regulation of HKT1;1 is sufficient to manipulate whole-plant Na⁺ 
accumulation. 
Less is known about the candidate transport proteins that mediate net xylem loading of 
Cl⁻. In stelar root cells different types of anion conductance were identified by 
patch-clamping that might contribute to the passive delivery of Cl⁻ to the xylem through 
channels (Köhler and Raschke, 2000, Gilliham and Tester, 2005). However, the 
molecular identity of the corresponding genes remains to be discovered. Recently, a 
member of the AtNPF family, AtNPF2.4, has been found to be localized at the plasma 
membrane of the root stele and to facilitate electrochemically passive Cl⁻-selective 
transport (Li et al., 2015). AtNPF2.4 was suggested to be involved in Cl⁻ loading into 
the root xylem and therefore to putatively contribute to  the regulation of root-to-shoot 
transfer of Cl⁻ during salt stress (Li et al., 2015). 
 
1.3.1.3. Partitioning of Na⁺ and Cl⁻ within the Shoots 
The capacity of plants to prevent the transport of toxic ions to the shoots is limited. In 




because for most plant species the recirculation of these ions to the roots via phloem 
transport is negligible (Davenport et al., 2007, Munns, 2002, Munns and Tester, 2008, 
Tester and Davenport, 2003). Therefore, once delivered to the aerial part, plants allocate 
toxic ions within the shoot. In fact, Na⁺ and Cl⁻ accumulation was observed 
preferentially in old leaves (Craig Plett and Møller, 2010 and references therein), in the 
leaf margins (Shapira et al., 2009), and in the epidermal cells (Huang and Van 
Steveninck, 1989, James et al., 2006, Karley et al., 2000), to avoid toxicity in more 
photosynthetically active cells such as mesophyll cells. The genetic basis of the 
partitioning of Na⁺ and Cl⁻ within the shoots is not known. 
 
1.3.2. Salinity Adaptation Mechanisms at the Cellular Level 
When having reached the shoots, Na⁺ and Cl⁻ must be kept at low concentrations in the 
cytosol to not interfere with cellular metabolism. For that purpose plants load large 
quantities of both ions into the vacuole. The importance of this removal of toxic ions 
from the cytosol becomes apparent when determining whole-leaf Na⁺ concentrations 
that might commonly reach 200 mM while the leaf is still physiologically functional 
(Munns and Tester, 2008). At these concentrations enzyme activity would be 
completely repressed, if the ions and enzymes are not spatially separated (Munns and 
Tester, 2008). Notwithstanding, in vitro experiments showed that enzymes in 
halophytic plants are not less sensitive to salt exposure than the corresponding enzymes 
of glycophytes. This observation suggests that salinity adaptation mechanisms are not 
based on the evolution of tolerance of enzymatic functions in plants from saline 
environments; however, the capacity of intracellular ion compartmentation in shoots 
partially determines salinity tolerance. Next, the functional role of vacuolar ion 
sequestration during salinity will be discussed, and thereby some questions regarding 







1.3.2.1. Intracellular Ion Sequestration- The Vacuole, Who Else?! 
Numerous studies attempted to increase the ion sequestration efficiency of a broad 
variety of plant species during salinity in order to enhance performance and productivity 
under these unfavorable conditions. Since many vacuolar transport processes are driven 
by the electrochemical gradient established by H⁺-pumps, one strategy to enhance 
vacuolar sequestration is the manipulation of the H⁺-pumping activity across the 
tonoplast. When overexpressing the V-PPase gene AtAVP1 of Arabidopsis, transgenic 
plants were more resistant to high concentrations of NaCl, presumably through 
increased sequestration of toxic ions into the vacuole (Gaxiola et al., 2001). In 
accordance, based on the enhanced vacuolar H⁺-gradient, isolated vacuolar membrane 
vesicles derived from transgenic plants showed enhanced cation uptake, and on the 
whole-plant level leafs accumulated higher Na⁺ concentrations (Gaxiola et al., 2001). 
This study opened a new avenue to engineer salt-tolerant crop plants. Therefore, ever 
since, the AtAVP1 gene or corresponding V-PPase genes from other plant species were 
used to manipulate salinity tolerance in numerous plant species, including sugar cane 
(Kumar et al., 2014), cotton (Pasapula et al., 2011, Zhang et al., 2011), creeping 
bentgrass (Li et al., 2010), tomato (Bhaskaran and Savithramma, 2011), tobacco (Arif 
et al., 2013, Li et al., 2014, Dong et al., 2011, Duan et al., 2007), barley (Schilling et 
al., 2014), apple (Dong et al., 2011), sugar beet (Wu et al., 2015), and Arabidopsis that 
overexpressed the V-PPase gene of Eucalyptus (Gamboa et al., 2013), or the halophytes 
Suaeda corniculata (Liu et al., 2011) or Kalidium foliatum (Yao et al., 2012).    
A similar approach is the overexpression of antiporters at the tonoplast that catalyze 
H⁺-dependent cation uptake into the vacuole. Members of the NHX (Na⁺/H⁺ antiporter) 
family, which has eight isoforms in Arabidopsis (Yokoi et al., 2002), have been shown 
to facilitate cation/H⁺ exchange at various cellular membranes in plants (Figure 8). For 
instance AtNHX7, also known as AtSOS1, catalyzes the efflux of Na⁺ across the plasma 
membrane (Shi et al., 2000). By contrast, the isoforms AtNHX1 to AtNHX4 are located 
at the vacuolar membrane and AtNHX1 (and AtNHX2) were subject to intense research 
with respect to its implication in salinity tolerance acting as a vacuolar Na⁺/H⁺ 
antiporter. Overexpression of AtNHX1 and AtNHX2 has been shown to confer 




et al., 2010, Craig Plett and Møller, 2010 and references therein). Yet, some studies 
indicated that the improved performance during salinity is due to an ameliorated K⁺ 
compartmentation (Jiang et al., 2010, Leidi et al., 2010, Rodriguez-Rosales et al., 2008), 
challenging the widespread consensus of NHX1 being the major player in vacuolar Na⁺ 
sequestration to avert ion toxicity. Likewise, the analysis of atnhx1 atnhx2 mutants in 
Arabidopsis revealed defects in leaf development in the absence of Na⁺ (Apse et al., 
2003), and provided evidence for a role of AtNHX1 and AtNHX2 in vacuolar K⁺ 
accumulation during cell expansion and stomatal movement (Bassil et al., 2011b, 
Barragán et al., 2012, Andrés et al., 2014). By contrast, the double mutant showed 
similar sensitivity to salinity and enhanced shoot Na⁺ accumulation (Barragán et al., 
2012). Of note, cellular metabolism is highly dependent on K⁺, since this cation is as 
an essential co-factor for numerous enzymes which can be displaced but not substituted 
by Na⁺ (Serrano, 1996). Hence, not only Na⁺ sequestration, but also the maintenance 
of a favorable K⁺/Na⁺ ratio in the cytosol contributes to salt tolerance. 
With respect to intracellular Cl⁻ uptake, CLCc and CLCg have been suggested to be 
involved in salinity tolerance (Jossier et al., 2010, Nguyen et al., 2015). Both are 
vacuolar Cl⁻ transport proteins, and clcc and clcg mutant plants as well as the double 
knock-out show sensitivity to salt stress. However, their distinct physiological mode of 
action during the response to salinity remains elusive.  
 
In 2010, Krebs and coworkers provided evidence for a new piece in the salinity 
tolerance puzzle (Krebs et al., 2010). Astonishingly, in that study it was shown that not 
only the regulated transport across the tonoplast contributes to intracellular ion 
sequestration during salt stress. They made use of two transgenic Arabidopsis lines, one 
that lacked the vacuolar V-ATPase at the tonoplast, and one that lacked the V-ATPase 
at the TGN/EE. Mutant plants deficient in the tonoplast-localized V-ATPase were 
impaired in nutrient uptake, while no differences in salinity tolerance were observed. 
Yet, mutants lacking the V-ATPase at the TGN/EE showed reduced tolerance to salt 
stress (Krebs et al., 2010), indicating that the H⁺-pump activity at this organelle 
contributes to intracellular ion sequestration and hence to cellular tolerance during 





Figure 8. Mechanisms of Intracellular Na⁺ Compartmentation and K⁺ Homeostasis upon 
Salt Exposure.  
Schematic diagram of transport proteins involved in intracellular Na⁺ sequestration and K⁺ 
homeostasis during salinity in Arabidopsis. The pH gradient and membrane potential required 
for secondary active transport of cations across endomembranes is established by the V-PPase 
(tonoplast) and the V-ATPase (TGN, trans-golgi network; and tonoplast). Cation/H⁺ exchanger 
that belong to the AtNHX family have been proposed to mediate Na⁺ and K⁺ transport across 
the plasma membrane (AtNHX7/AtSOS1), the tonoplast (AtNHX1 to AtNHX4) and across the 
membrane of the Golgi, the TGN and pre-vacuolar compartments (PVC; AtNHX5, and also 
AtNHX6 which is not shown). AtNHX proteins localized at endomembranes were 
demonstrated to contribute to intracellular cation homeostasis during salinity. Note that 
transporters and channels that mediate Cl⁻ sequestration as well as the cation/Cl⁻ cotransporter 






This observation was substantiated by studies on two endosomal AtNHX antiporters in 
Arabidopsis. AtNHX5 and AtNHX6 localize to the Golgi and the TGN and were shown 
to be crucial for controlling organelle pH and cation homeostasis (Bassil et al., 2011a, 
Reguera et al., 2015). In addition, atnhx5 atnhx6 double mutants were more sensitive 
to salinity (Bassil et al., 2011a; Figure 8). Overexpressing isoforms of endosomal NHX 
antiporters such as NHX5 enhanced salt stress tolerance in several plant species which 
is putatively based on altered endosomal cation homeostasis (Rodriguez-Rosales et al., 
2008, Bassil et al., 2012). Recently, the cation/Cl⁻ cotransporter (CCC) of Arabidopsis 
and Vitis vinifera was shown to localize to the TGN/EE and was also attributed a role 
in salinity tolerance (Henderson et al., 2015). Nevertheless, it has not been elucidated 
yet how endosomal pH and/or ion homeostasis influence salinity tolerance. Endosomal 
trafficking and vesicle fusion to the vacuole has been suggested to be crucial for cellular 
responses to abiotic stresses (Mazel et al., 2004, Leshem et al., 2006, Hamaji et al., 
2009). Therefore, it has been proposed that excessive Na⁺ might be sequestered within 
vesicles that subsequently fuse with the vacuole to contribute to the reduction of 
cytosolic Na⁺ (Bassil et al., 2012). 
 
1.3.2.2. Vacuolar Ion Uptake during Salinity- More than a Waste Storage? 
The role of the vacuole in ion sequestration during salinity is still not well understood. 
In recent years, fluxes across endosomal membranes were attributed an increasing role 
in intracellular ion sequestration, and the transport proteins that mediate Na⁺ and Cl⁻ 
uptake across the tonoplast are ambiguous. In addition, the functional role of vacuolar 
ion uptake during salinity other than the detoxification of toxic ions into mesophyll 
vacuoles has not been intensively considered to date. For example, questions about the 
functional significance of vacuolar ion uptake rapidly after onset of salinity or in other 
tissues than mesophyll cells has not been studied. However, studies have indicated that 
the vacuolar function might go beyond the role of a trash bin for toxic ions. For instance, 
the vacuolar storage capacity in the vasculature of roots has been shown to influence 
whole-plant ion accumulation and long-distance transport of heavy metals (Peng and 
Gong, 2014), and durum wheat genotypes that differed in root-to-shoot ion 




vacuolar ion storage along the radial root (Läuchli et al., 2008). A potential role of 
vacuolar ion uptake on whole-plant ion movement under salt stress has not been 
investigated. It will be of interest to study the link and coordination of vacuolar and 
plasma membrane fluxes under high NaCl concentrations.  Hence, the identification of 
further vacuolar transport proteins that are involved in the storage of Na⁺ or Cl⁻ would 
tremendously add to our understanding of the role of vacuolar ion uptake and its relative 
contribution to the adaptation mechanisms in response to salinity. For instance, the 
Arabidopsis AtALMT9 has been recently identified as the first vacuolar Cl⁻ channel in 
plants. Investigating atalmt9 mutant plants under high salinity could be valuable to 
understand the consequences of impaired vacuolar Cl⁻ uptake on whole-plant transport 





























1.4. Aims of this Thesis 
 
Vacuolar ion uptake into the vacuole is of tremendous importance for a multitude of 
physiological processes in plants. The identification and characterization of transport 
proteins that catalyze solute fluxes across the tonoplast add to our understanding of the 
role of vacuolar ion uptake in plant physiology. 
AtALMT9 belongs to a gene family in Arabidopsis that encodes for anion channels that 
mediate inward rectification across the vacuolar and the plasma membrane, 
corresponding to anion efflux out of the cytosol. Specifically, AtALMT9 is located at 
the tonoplast, is permeable for malate, and clusters in a subfamily (clade II) that 
encompasses four more AtALMT members which are all putatively vacuolar anion 
channel. However, the topology, structural organization and potential multimerization 
status of ALMT channels remains ambiguous, which constricts studies on their 
regulation and physiological function.  
Besides being permeable for malate, AtALMT9 has been recently identified as the first 
genuine vacuolar channel that mediates the uptake of Cl⁻ into the vacuole. Based on its 
high expression in guard cells, mutant plants lacking AtALMT9 exhibit impaired 
stomatal opening. The functional role of AtALMT9 was thereby studied under 
physiological Cl⁻ concentrations, but it has not been investigated whether this Cl⁻ 
channel might be also involved in anion uptake under excessive Cl⁻ concentrations such 
as under salinity.  
Notably, AtALMT9 is not solely expressed in guard cells, and its putative physiological 
roles in vacuolar anion uptake in other tissues and organs as well as the function of 










The goal of this thesis was to address the following five research questions to better 
understand the structural organization of ALMT9 and its physiological function as 
vacuolar anion channel. 
Regarding the structure and composition of AtALMT9: 
(i) What is the topology and structure-function relation of AtALMT9? Is 
AtALMT9 a channel complex composed of several subunits? 
(ii) Does AtALMT9 interact with other vacuolar AtALMT channels? 
Regarding the role of AtALMT9 in vacuolar Cl⁻ uptake upon salt exposure: 
(iii) Is AtALMT9 involved in responses to salt stress? What is the role and relative 
contribution of vacuolar anion uptake to salinity adaptation mechanisms? 
Regarding the physiological function of ALMT9 in specific organs: 
(iv) Is AtALMT9 involved in rapid vacuolar solute uptake during seed 
germination? Is its role more pronounced under challenging environmental 
conditions such as salt stress? 
(v) Does ALMT9 contribute to malate storage in fruits? As a model organisms 
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Identiﬁcation of a Probable Pore-Forming Domain in the
Multimeric Vacuolar Anion Channel AtALMT91[W][OPEN]
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Aluminum-activated malate transporters (ALMTs) form an important family of anion channels involved in fundamental
physiological processes in plants. Because of their importance, the role of ALMTs in plant physiology is studied extensively.
In contrast, the structural basis of their functional properties is largely unknown. This lack of information limits the
understanding of the functional and physiological differences between ALMTs and their impact on anion transport in plants.
This study aimed at investigating the structural organization of the transmembrane domain of the Arabidopsis (Arabidopsis
thaliana) vacuolar channel AtALMT9. For that purpose, we performed a large-scale mutagenesis analysis and found two residues
that form a salt bridge between the ﬁrst and second putative transmembrane a-helices (TMa1 and TMa2). Furthermore, using a
combination of pharmacological and mutagenesis approaches, we identiﬁed citrate as an “open channel blocker” of AtALMT9
and used this tool to examine the inhibition sensitivity of different point mutants of highly conserved amino acid residues. By
this means, we found a stretch within the cytosolic moiety of the TMa5 that is a probable pore-forming domain. Moreover, using
a citrate-insensitive AtALMT9 mutant and biochemical approaches, we could demonstrate that AtALMT9 forms a multimeric
complex that is supposedly composed of four subunits. In summary, our data provide, to our knowledge, the ﬁrst evidence
about the structural organization of an ion channel of the ALMT family. We suggest that AtALMT9 is a tetramer and that the
TMa5 domains of the subunits contribute to form the pore of this anion channel.
The transport of ions across cellular membranes is
mediated by specialized proteins that catalyze the
transfer of charged molecules across hydrophobic lipid
bilayers. Based on the thermodynamics, two major
classes of transport systems can be distinguished: (1)
passive transporters such as ion channels, which cat-
alyze the ﬂux of solutes down the electrochemical
gradient, and (2) active transporters like pumps and
antiporters, which transport molecules against their
electrochemical gradient. Independent of the nature of
the transport system, the ﬂux of ions across mem-
branes is crucial for a wide range of physiological
functions in plants. Among others, ion transport is
involved in intracellular pH regulation, metal toler-
ance, stomatal movement, cellular signaling, plant
nutrition, and cell expansion (Roelfsema and Hedrich,
2005; Kim et al., 2010; Barbier-Brygoo et al., 2011).
Despite the importance of anion transport in plant
physiology, only in the last decade has the molecular
identity of anion transport proteins started to be
unveiled by identifying the chloride channel (CLC),
slow anion channel (SLAC), and aluminum-activated
malate transporter (ALMT) families. Their discovery
has been a fundamental breakthrough in understand-
ing the molecular mechanisms of anion homeostasis
and its roles in various aspects of plant cell physiology
(Ward et al., 2009; Barbier-Brygoo et al., 2011; Hedrich,
2012; Martinoia et al., 2012).
The CLC family consists of both anion channels and
secondary active transporters, which are ubiquitously
expressed in all living organisms. In Arabidopsis
(Arabidopsis thaliana), the ﬁrst identiﬁed and character-
ized member of the family was AtCLCa (Hechenberger
et al., 1996; Geelen et al., 2000). AtCLCa is targeted to
the tonoplast and acts as a 2NO3
2/H+ antiporter (De
Angeli et al., 2006). In planta, AtCLCa represents a
major vacuolar nitrate transporter driving the accu-
mulation of this anion into the vacuole. Subsequent
studies revealed that all other Arabidopsis CLCs are
likewise localized in intracellular membranes but fea-
ture different cellular functions (Barbier-Brygoo et al.,
2011).
The SLAC protein family was identiﬁed in the last
decade (Negi et al., 2008; Vahisalu et al., 2008). Despite
its recent discovery, the characterization of this plant
anion transporter family proceeded rapidly (Negi
et al., 2008; Vahisalu et al., 2008; Geiger et al., 2009,
2010; Brandt et al., 2012). SLAC1, the ﬁrst identiﬁed
member of the family, is involved in slow-type anion
currents across the plasma membrane of plant cells
(Negi et al., 2008; Vahisalu et al., 2008). This ion
channel is expressed in guard cells, where it mediates
the efﬂux of anions into the apoplast, a process that is
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fundamental for stomata closure. SLAC1 regulates the
stomatal aperture in response to different stimuli such
as abscisic acid and high CO2 and ozone concentra-
tions (Negi et al., 2008; Vahisalu et al., 2008). In addi-
tion, the activity of SLAC1 is controlled by different
kinases (Geiger et al., 2009, 2010) that are part of var-
ious signaling pathways. This multiple regulation of
SLAC1 suggests that it plays a critical role in the in-
tegration of different environmental stimuli.
ALMTs are membrane proteins exclusive to plants.
In Arabidopsis, this family consists of 14 members
that can be grouped into three clades (Kovermann
et al., 2007). The ﬁrst member of the ALMT family,
TaALMT1, was identiﬁed in wheat (Triticum aestivum)
by Sasaki et al. (2004) when screening for genes asso-
ciated with aluminum resistance. They provided evi-
dence that TaALMT1 as well as AtALMT1, its
homolog in Arabidopsis, are channels that catalyze the
efﬂux of malate across the plasma membrane of root
cells (Yamaguchi et al., 2005; Hoekenga et al., 2006).
This exudation of organic acids into the soil facilitates
the detoxiﬁcation of environmental Al3+. Besides con-
tributing to Al3+ tolerance, ALMTs have been found
to exhibit other important physiological functions.
AtALMT12 has been proposed to mediate rapid anion
currents across the plasma membrane of guard cells in
order to induce stomata closure (Meyer et al., 2010).
AtALMT9 and AtALMT6 have been shown to be
channels localized in the tonoplast that mediate the
export of malate into the vacuole (Kovermann et al.,
2007; Meyer et al., 2011). AtALMT6 is predominantly
expressed in guard cells, where its activity is regulated
by cytosolic Ca2+ and vacuolar pH (Meyer et al., 2011).
In contrast, AtALMT9 is widely expressed in several
plant tissues, such as the mesophyll and guard cells.
Recently, AtALMT9 was shown to play a crucial role
in stomata movement, where it functions as a malate-
activated chloride channel (De Angeli et al., 2013).
The knowledge about ion channel structures has
expanded considerably in the last 20 years. Notably,
various three-dimensional structures of such proteins
have been solved (Choe, 2002; Jentsch, 2008; Traynelis
et al., 2010). This has boosted the research into and
the understanding of structure-function relations in
transport systems. Among the anion channel families
described above, the structure has been determined for
CLCs (Dutzler et al., 2002) and SLACs (Chen et al.,
2010). Additionally, large structure-function analyses
have been conducted, providing detailed knowledge
on the molecular basis underlying the ion channel
functionality of these families. In contrast, little infor-
mation was revealed about the structure of ALMTs by
describing an important phosphorylation site (Ligaba
et al., 2009; Furuichi et al., 2010) and by providing data
on the topology (Motoda et al., 2007; Dreyer et al.,
2012). However, the proposed models in these studies
do not entirely coincide regarding the number of
transmembrane-spanning domains, the cellular orien-
tation of the N terminus, and the organization of the
C-terminal domain. Therefore, the structural organiza-
tion of ALMTs is still ambiguous.
In this study, we performed a large-scale mutagen-
esis analysis of the transmembrane domain (TMD)
of Arabidopsis ALMTs using the vacuolar channel
AtALMT9 as a model. The aim was to identify regions
of the TMD that potentially exhibit functional rele-
vance by forming the pore or the voltage sensor. For
that purpose, we took advantage of citrate, which we
identiﬁed as an open channel blocker of AtALMT9.
The use of this blocker allowed elucidation of the
structural details of ion channels, such as the quater-
nary organization and pore-forming domains, when
no crystal structure was available (MacKinnon, 1991;
Yellen et al., 1991; Ferrer-Montiel and Montal, 1996;
Linsdell, 2005). By this means, it is possible to show,
for instance, that potassium channels are tetramers and
to identify their “selectivity ﬁlter” domain (MacKinnon
and Yellen, 1990; MacKinnon, 1991). Thus, by using
citrate, we pharmacologically investigated structure-
function relations in AtALMT9. We identiﬁed a region
adjacent to and within the ﬁfth putative TMD that is
supposedly involved in forming the permeation
pathway of AtALMT9. Moreover, we demonstrated
that AtALMT9 is a multimeric channel of probably
four subunits in which the monomers participate in
forming the pore.
RESULTS
Citrate Inhibits AtALMT9-Mediated Malate Currents
Blocking agents represent a common tool as reporter
molecules to analyze functional and structural features
of ion channels. In an attempt to disclose a blocker of
the vacuolar channel AtALMT9, we were guided by a
previous ﬁnding in which citrate was suggested to
competitively inhibit malate uptake across the tono-
plast (Rentsch and Martinoia, 1991). In order to test
whether citrate is a blocker of AtALMT9, we isolated
vacuoles from transiently transformed tobacco (Nico-
tiana benthamiana) protoplasts that overexpressed
AtALMT9-GFP (OE AtALMT9). We used the patch-
clamp technique to measure macroscopic currents
mediated by AtALMT9 in the cytosolic-side-out ex-
cised patch conﬁguration (Fig. 1). To avoid rectiﬁca-
tion due to ion concentration gradients between the
two sides of the patched membrane, we performed
experiments in symmetric ionic conditions (100 mM
malatevac/100 mM malatecyt). Patches obtained from
OE AtALMT9 tobacco vacuoles displayed inward-
rectifying malate currents with time-dependent relax-
ations and a mean amplitude of 21.44 6 0.51 nA at
2120 mV, as reported in previous studies (Fig. 1A;
Table I; Kovermann et al., 2007; for convention details
regarding the applied voltage, see “Materials and
Methods”). Even though citric acid is to 97% a tri-
carboxylate at pH 7.5 and exhibits similarities to the
dicarboxylate malate (Fig. 1B), we could not detect a
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Figure 1. Citrate is a blocker of AtALMT9-mediated malate currents. A, Typical time-dependent currents from excised
cytosolic-side-out patches obtained from AtALMT9-overexpressing tobacco vacuoles in symmetric malate conditions (100 mM
malatevac/100 mM malatecyt). Currents were evoked in response to 3-s voltage pulses ranging from +60 mV to 2120 mV in
20-mV steps, followed by a tail pulse at +60 mV, with a holding potential at +60 mV. B, Molecular structure of L-malate (MA)
and citrate (CA) acids. C, Reversible inhibition of AtALMT9WT currents by 10 mM citratecyt. Normalized current-voltage curves
were obtained with a voltage ramp (from +60 to 2160 mV in 1.5 s) in cytosolic control solution (ctrl; 100 mM malatecyt) and
after adding 10 mM citratecyt (100 mM malatecyt + 10 mM citratecyt). The gray line indicates the recovery in control cytosolic
solution. D and E, Ratios between currents recorded in control and citratecyt-containing solutions (ICA/Ictrl) when using different
citratecyt concentrations (n = 4–5). E, Dose-response curves for citratecyt at different potentials. Solid lines are fits obtained with
Equation 1. F, Voltage dependency of the Kd
citrate. Solid lines correspond to data fitted with Equation 3. G, Representative current
recording of a kick-out experiment on AtALMT9-meditated current. The currents were evoked using the voltage pulse protocol
shown above the current traces. After the 3-ms pulse at +60 mV, a transient decrease of the current is observable in the presence
of 10 mM citratecyt (black trace inset). In contrast, in cytosolic control solution (gray trace inset), no transient decrease is
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signiﬁcant permeation of citrate through AtALMT9
(Icitrate/Imalate = 5% 6 5%; Supplemental Fig. S1A), as
shown for BnALMT1 and BnALMT2 (Ligaba et al.,
2006). However, when 10 mM citrate was applied at the
cytosolic side (100 mM malatevac/100 mM malatecyt + 10
mM citratecyt), AtALMT9 malate currents were revers-
ibly inhibited to residual 37% 6 5% of the original
current at 2160 mV (Fig. 1C). The inhibition of the ion
ﬂux induced by citratecyt was dose and voltage de-
pendent (Fig. 1, D and E). Notably, the inhibitory effect
of citratecyt on AtALMT9-mediated currents occurred
more pronouncedly at more negative membrane
potentials (Fig. 1, C and D). However, the inhibition by
citratecyt did not change the voltage dependency of the
relative open probability of the channel (Supplemental
Fig. S1B). This implies that citratecyt inhibition does not
originate from a shift in channel gating toward more
negative membrane potentials. When further analyzing
the dose response of citratecyt inhibition at different ap-
plied potentials, we found that the dissociation constant
of citratecyt (Kd
citrate; 5.1 6 0.3 mM at 2160 mV) was
voltage dependent (Fig. 1, E and F). This ﬁnding indi-
cates that the inhibiting anion citrate experiences the
applied transmembrane electrical ﬁeld. Consequently,
we could estimate that citrate penetrates approximately
17% of the applied transmembrane electrical ﬁeld
(Woodhull, 1973). This, in turn, suggests that the inter-
action between citrate and the channel occurs within the
membrane-spanning domain of AtALMT9 and possibly
within the conduction pathway.
Figure 1. (Continued.)
observable. H, Crossing of the tail currents at +30 mV in control conditions (gray trace) and in the presence of 10 mM citratecyt
(black trace). AtALMT9 currents were elicited by an activating prepulse at 2100 mV for 2 s followed by a tail pulse at +30 mV
(1 s), as depicted above the current traces. The holding potential was set to +60 mV. Error bars represent SD.
Table I. Properties of wild-type and mutant AtALMT9 channels expressed in tobacco
Data are presented as means 6 SD.
chunK-Sample I(nA) at 2120 mVa No. of Experiments Conductive Icitrate/Ictrl at 2160 mV
b Kd
citrate at 2160 mVc Rectification Rated
mM
Untransformed 20.06 6 0.03 3 No – – –
AtALMT9WT 21.44 6 0.51**** 11 Yes 0.37 6 0.05 5.1 6 0.3 0.19 6 0.03
K87E 21.52 6 0.30** 4 Yes 0.59 6 0.03**** 16.2 6 2.3 0.22 6 0.02
K87R 20.92 6 0.06*** 3 Yes 0.39 6 0.04 – –
K93E 20.11 6 0.04 5 No – – –
K93A 20.07 6 0.03 4 No – – –
K93N 20.09 6 0.04 3 No – – –
K93R 20.80 6 0.42* 4 Yes – – –
E130A 20.07 6 0.01 3 No – – –
E130D 21.28 6 0.15**** 5 Yes – – –
E130K 20.13 6 0.07 4 No – – –
K139E 21.1 6 0.15** 3 Yes 0.42 6 0.04 – 0.16 6 0.01
R143E 20.10 6 0.07 3 No – – –
R143N 20.09 6 0.06 3 No – – –
K187E 20.09 6 0.08 3 No – – –
K187N 20.07 6 0.04 4 No – – –
K193E 21.46 6 0.62** 7 Yes 0.99 6 0.02**** – 0.50 6 0.09***
K193A 21.75 6 0.25**** 5 Yes 0.82 6 0.02**** – 0.24 6 0.03*
K193N 20.63 6 0.14* 3 Yes 0.83 6 0.03**** – 0.29 6 0.06*
K193R 20.94 6 0.43* 4 Yes 0.39 6 0.04 – 0.16 6 0.04
E196A 20.87 6 0.26*** 6 Yes 0.39 6 0.06 – –
R200N 21.43 6 0.58** 5 Yes 0.86 6 0.04**** – 0.18 6 0.05
R200E 20.12 6 0.05 3 No – – –
R200K 20.62 6 0.12* 3 Yes 0.38 6 0.03 – 0.21 6 0.02
R215E 20.07 6 0.03 3 No – – –
R215N 20.69 6 0.27* 4 Yes 0.37 6 0.04 – 0.14 6 0.01**
R226E 20.09 6 0.06 3 No – – –
R226N 20.14 6 0.08 4 No – – –
K93E/E130K 21.30 6 0.27* 3 Yes 0.37 6 0.02 – –
aCurrent measured in 100 mM malatecyt/100 mM malatevac. Asterisks indicate statistically significant differences from untransformed tobacco (*P ,
0.05, **P , 0.01, ***P , 0.001, ****P , 0.0001; two-tailed Student’s t test). bRatio between the current measured in 100 mM malatecyt + 10 mM
citratecyt and the current measured in 100 mM malatecyt. Asterisks indicate statistically significant differences from AtALMT9WT (****P, 0.0001; two-
tailed Student’s t test). cKd
citrate determined with Equation 1. dRectification rate measured as described in the text. Asterisks indicate statis-
tically significant differences from AtALMT9WT (*P , 0.05, **P , 0.01, ***P , 0.001; two-tailed Student’s t test).
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To obtain direct evidence that citrate acts as an open
channel blocker by interacting with the pore of
AtALMT9, we investigated whether citrate binds to
the activated channel. In a ﬁrst step, we performed
“kick-out experiments” (Becker et al., 1996; Fig. 1G).
This approach is based on the reversible dissociation of
citrate from its binding site when applying a short
voltage pulse to the activated AtALMT9 channel
at which citratecyt was shown to no longer effectively
block AtALMT9 (i.e. Vm $ 0 mV; Fig. 1C). The “kick-
out pulse” was transient and adjusted in order to not
inﬂuence the voltage-dependent gating of the channel
(Fig. 1G). Consequently, the proportion of channels in
an open conﬁguration was stable during and after the
kick-out pulse. Therefore, effects on the current after
the kick-out pulse did not originate from effects on the
channel gating but from reversible pore blocking.
During the kick-out experiments, we ﬁrst activated the
channels with a voltage pulse at 2140 mV for 2 s.
Subsequently, we stepped for 3 ms to a positive
membrane potential (+60 mV) and then restored the
membrane potential to 2140 mV again (Fig. 1G).
When this protocol was applied in the presence of the
cytosolic control buffer (100 mM malatecyt), the 3-ms
pulse to +60 mV did not induce any signiﬁcant channel
closure, since the current levels before and immedi-
ately after the pulse were indistinguishable (Fig. 1G,
gray trace inset). Differently, when applying the same
protocol in the presence of 10 mM citratecyt, the 3-ms
pulse at +60 mV was followed by a transient increase
of the current that relaxed rapidly to the prepulse
current amplitude (the time constant of the current
relaxation is t = 11.5 6 0.4 ms at 2140 mV; Fig. 1G,
black trace inset). This fast relaxation after the kick-out
pulse reﬂected the reversible binding kinetic of citrate
to the channel. Thus, the results conﬁrmed that citrate
is capable of blocking AtALMT9 by binding to the
open channel conﬁguration. Concurrently, as expected
for channels blocked in the open conﬁguration, deac-
tivating tail currents relaxed more slowly in the pres-
ence of citratecyt than in its absence because of the
dissociation of the blocking agent prior to closure of
the channel. Hence, the application of an open channel
blocker like citrate generates a typical crossover of the
tail currents (Clay, 1995; Fig. 1H). Taken together,
these data strongly indicate that citrate is an open
channel blocker and that its inhibitory effect is
likely due to a block of the conduction pathway of
AtALMT9.
Effects of Positively and Negatively Charged Amino Acid
Residues on Pore Conductivity
Despite the fact that ALMT proteins are known and
have been studied for many years, few experimental
data are available on the structure-function level
(Motoda et al., 2007; Furuichi et al., 2010; Mumm et al.,
2013). In particular, no study was conducted to in-
vestigate the TMD of ALMTs so far. Based on in silico
analyses (http://aramemnon.botanik.uni-koeln.de),
AtALMT9 is predicted to consist of a TMD at the
N terminus and a soluble C-terminal domain encom-
passing roughly half of the protein. The TMD is pre-
dicted to be formed by six putative transmembrane
a-helices, whereby the N terminus exhibits an intra-
cellular orientation (TMa1–TMa6; Fig. 2A). However,
other arrangements, such as an inverse inside-outside
structure or more a-helices, were also proposed
(Motoda et al., 2007; Dreyer et al., 2012). We performed
a multiple alignment throughout all members of the
ALMT family in Arabidopsis and identiﬁed several
conserved or partially conserved amino acids within
the TMD (Fig. 2B; Supplemental Fig. S2). We focused
predominantly on positively charged residues, since
they were often found to be relevant for functional
elements of ion channels (pore and voltage sensor;
Linsdell, 2005; Catterall, 2010). Interestingly, in line
with the positive-inside rule (von Heijne and Gavel,
1988), the cytosolic-facing moiety of AtALMT9 exhibits
a higher number of positively charged residues com-
pared with the vacuolar moiety. While eight positively
charged residues (three Arg and ﬁve Lys residues) are
located at the cytosolic moiety, only three conserved
positive residues face the vacuolar side (Fig. 2, A and
B). To analyze the role of these residues in the TMD of
AtALMT9, we substituted them by site-directed mu-
tagenesis and monitored the effects of the mutation at
a functional level (Fig. 2, D and E; Table I).
We transiently expressed the AtALMT9-GFP
mutant channels in tobacco and ﬁrst analyzed their
intracellular localization by confocal laser scanning
microscopy to verify whether the introduced point
mutations resulted in a mistargeting of the protein.
Interestingly, none of the mutations had an effect on the
vacuolar targeting of the AtALMT9 channel (Fig. 2C;
Supplemental Fig. S3). Subsequently, we analyzed the
functionality of the mutated derivatives of AtALMT9
by performing patch-clamp analysis under the same
experimental conditions as described above (Fig. 1A).
The analysis revealed that the individual residues
impacted differently on channel functionality. The re-
moval of the positive charge of conserved Lys and Arg
residues and the negative charge of the conserved Glu
predicted to be inside the TMDas (Lys-93, Glu-130,
Arg-143, Lys-187, and Arg-226) resulted in a loss
of conductivity (Fig. 2, D and E; Table I). On the
contrary, substituting other conserved positively and
negatively charged residues predicted to be in the
loops between the TMDas (Lys-87, Lys-139, Lys-193,
and Glu-196) apparently did not affect the functional-
ity of AtALMT9. In fact, patches from vacuoles trans-
formed with these mutants presented time-dependent
inward-rectifying currents with amplitudes that are
reminiscent of those observed for AtALMT9WT (Figs.
1A and 2, D and E; Table I). Interestingly, the mutation
of the two amino acids Arg-200 and Arg-215, the
charge of which is not entirely conserved among the
Arabidopsis ALMTs, affected the functionality of
AtALMT9 dependent on the introduced residue. When
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Arg-200 and Arg-215 were substituted with an Asn
(AtALMT9R200N and AtALMT9R215N), we observed time-
dependent inward-rectifying currents comparable to
AtALMT9WT (Table I; Supplemental Fig. S4, A and C).
However, the introduction of a negatively charged
residue like Glu (AtALMT9R200E and AtALMT9R215E) led
to nonfunctional channels (Table I; Supplemental Fig.
S4, A and C). In summary, we observed three different
effects on AtALMT9 channel functionality when mu-
tating conserved charged residues. Four of the mu-
tations we introduced induced a loss of conductivity,
indicating that these residues were essential for the
functionality of the channel. Furthermore, mutation of
the cytosolic-facing residues did not inﬂuence channel
functionality, whereas a third set of mutations resulted
in a phenotype that was dependent on the introduced
charge.
TMa1 and TMa2 Are Connected by a Salt Bridge
The analysis of the primary sequence alignment
revealed two conserved charged residues arousing our
interest. Lys-93 and Glu-130 are located within TMa1
and TMa2, respectively (Fig. 2, A and B). In the
hydrophobic environment of membranes, unitary
charges need to be stabilized by an interaction with a
solvent and/or with an opposite charge (Perutz, 1978).
When Glu-130 was replaced by an Ala or a Lys
(AtALMT9E130A or AtALMT9E130K), the channel was non-
conductive, similar to AtALMT9K93A and AtALMT9K93E
(Fig. 3; Table I). However, channels harboring conserva-
tive mutations in which the respective charge was kept
(AtALMT9K93R and AtALMT9E130D) displayed inward
currents comparable to AtALMT9WT (Table I). Thus,
we hypothesized that the two charged residues
Figure 2. Impact of the mutation of conserved residues on AtALMT9 functionality. A, The TMD of AtALMT9 is predicted to be
formed by six putative transmembrane a-helices (TMa1–TMa6) with the N terminus being located in the cytosol. The model
illustrates the location of the amino acids targeted by site-directed mutagenesis (red stars). B, Multiple alignment of AtALMT9
with representative AtALMT proteins (AtALMT1, AtALMT6, and AtALMT12). The alignment was conducted with the Jalview
software (Waterhouse et al., 2009). The black boxes indicate the predicted TMas of AtALMT9. The conserved amino acids used
for mutagenesis are displayed in red (positively charged residues) and in blue (negatively charged residues). C, Fluorescence
and transmission images of vacuoles released from lysed tobacco mesophyll protoplasts transiently overexpressing AtALMT9WT-GFP,
AtALMT9K93E-GFP, and AtALMT9K193E-GFP imaged by confocal laser scanning microscopy. Bars = 10 mm. D, Representative
current recordings of excised cytosolic-side-out patches of untransformed vacuoles as well as vacuoles overexpressing
AtALMT9WT, AtALMT9K93E, and AtALMT9K193E. Currents were evoked in response to 3-s voltage pulses ranging from +60 to
2120 mV in 20-mV steps followed by a tail pulse at +60 mV. E, Mean current-voltage curves of untransformed vacuoles (red
bars; n = 3), AtALMT9WT (white circles; n = 11), AtALMT9K93E (white squares; n = 5), and AtALMT9K193E (black squares; n =
7). In D and E, AtALMT9 currents were recorded in symmetric ionic conditions (100 mM malatevac/100 mM malatecyt). The
holding potential was set to +60 mV. Error bars denote SD.
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Lys-93 and Glu-130 could interact to form a salt bridge.
To test this assumption, we generated a double mu-
tant, AtALMT9K93E/E130K, in which the charges of the
amino acids Lys-93 and Glu-130 were exchanged. As-
tonishingly, the doubly mutated channel was func-
tional and exhibited electrophysiological properties
similar to AtALMT9WT (Fig. 3). AtALMT9K93E/E130K
mediated currents with time-dependent relaxations
and a mean amplitude of21.30 6 0.27 nA at2120 mV
(Fig. 3B; Table I). Moreover, the double mutant was
inhibited by citrate, as demonstrated for the AtALMT9WT
channel (Table I; Supplemental Fig. S5). These results
indicate that the positively charged Lys-93 and the neg-
atively charged Glu-130 connect TMa1 and TMa2 by a
salt bridge that is essential for the functionality of the
channel.
Identiﬁcation of Positively Charged Residues That Are
Part of the Ion Conduction Pathway in AtALMT9
To investigate whether the mutated amino acids are
possibly involved in forming the interaction site be-
tween citrate and the channel, we determined the
sensitivity of the conductive AtALMT9 point mutants
to citrate. The four charged residues Lys-87, Lys-139,
Glu-196, and Arg-215 are located in the cytosolic loops
next to TMa1, TMa2, and TMa5 and at the vacuolar-
facing moiety of TMa5, respectively (Fig. 2, A and B).
The channel derivatives AtALMT9K87E, AtALMT9K139E,
AtALMT9E196A, and AtALMT9R215N showed a moder-
ate or no signiﬁcant decrease in citratecyt inhibition
compared with AtALMT9WT [(Icitrate/Ictrl)
WT =
0.37 6 0.05, (Icitrate/Ictrl)
K87E = 0.59 6 0.03, (Icitrate/
Ictrl)
K139E = 0.42 6 0.04, (Icitrate/Ictrl)
E196A = 0.39 6
0.06, and (Icitrate/Ictrl)
R215N = 0.37 6 0.04 at 2160 mV;
Fig. 4C; Table I]. In marked contrast, substitution of the
residues Lys-193 and Arg-200, which reside at the
cytosolic loop between TMa4 and TMa5 or within TMa5,
respectively, reduced the citratecyt blockade efﬁciency
dramatically [(Icitrate/Ictrl)
K193N = 0.83 6 0.03 at 2160 mV
and (Icitrate/Ictrl)R200N = 0.86 6 0.04 at 2160 mV; Fig. 4;
Table I]. Since the substitution R200E resulted in a non-
functional channel, the effect of a negatively charged
residue at this amino acid position could not be investi-
gated. Nevertheless, the mutation K193E, which intro-
duced a Glu, provided a conductive channel but caused
a complete loss of citratecyt inhibition (Icitrate/Ictrl = 0.99 6
0.02 at 2160 mV; Fig. 4, A and C). In addition, when
performing kick-out experiments with the citrate-
insensitive mutants AtALMT9K193E and AtALMT9R200N,
the kick-out pulse was not followed by fast-relaxing
current transients (Supplemental Figs. S1D and S4B).
Since the transient current relaxation is due to the rapid
dissociation and subsequent binding of citratecyt to the
open channel conﬁguration of AtALMT9WT, its absence
provided evidence that citratecyt was not able to in-
teract with the AtALMT9K193E and AtALMT9R200N
mutant channels and did not enter the TMD in these
mutants. In contrast, the citrate-sensitive channel
AtALMT9R215N, which possesses a substitution at the
vacuolar-facing part of the membrane, exhibited a
transient current relaxation comparable to the wild-type
channel after applying a kick-out pulse (Supplemental
Fig. S4D).
Taken together, these results indicate that the posi-
tively charged residues Lys-193 and Arg-200, which
are located adjacent to or within TMa5, are involved in
mediating the interaction of citrate with AtALMT9.
Considering the fact that citrate acts as an open
channel blocker, the data suggest that Lys-193 and
Arg-200 are part of the ion conduction pathway of
AtALMT9. To further conﬁrm the pore-forming fea-
ture of the two residues and TMa5, we explored the
functional properties of the conductive AtALMT9
mutants by analyzing the “open channel rectiﬁcation.”
This parameter directly reﬂects the properties of the
conduction pathway itself, excluding rectiﬁcation ef-
fects based on voltage-dependent gating. To quantify
the open channel rectiﬁcation of AtALMT9WT and its
derivatives, we made used of the rectiﬁcation rate co-
efﬁcient (Linsdell, 2005). This coefﬁcient is deﬁned as
the ratio between the conductance measured at the end
of the activation pulse at 2120 mV and the conduc-
tance measured at the beginning of the tail pulse at
+60 mV (for details, see “Materials and Methods”). The
rectiﬁcation ratio of AtALMT9WT was 0.19 6 0.03, in-
dicating that the conduction pathway of this channel
had intrinsic inward rectiﬁcation properties. Strik-
ingly, we observed that the citrate-insensitive channel
Figure 3. The conserved residues Lys-93 and Glu-130 form a salt
bridge within the TMD of AtALMT9. A, Excised cytosolic-side-out
current recordings from tobacco vacuoles overexpressing AtALMT9K93E,
AtALMT9E130K, and the double mutant AtALMT9K93E/E130K. Currents were
evoked in response to 3-s voltage pulses ranging from +60 to 2120 mV
in 20-mV steps followed by a tail pulse at +60 mV. B, Mean current-
voltage curves of malate currents mediated by AtALMT9WT (white circles;
n = 11), AtALMT9K93E/E130K (black diamonds; n = 3), AtALMT9K93E (white
squares; n = 5), and AtALMT9E130K (black circles; n = 3). Currents were
recorded in symmetric conditions (100 mM malatevac/100 mM malatecyt).
The holding potential was set to +60 mV. Error bars represent SD.
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AtALMT9K193E, which was mutated in an amino acid
residue of the pore region, and AtALMT9R215N, which
harbors a mutation within TMa5, exhibited an altered
rectiﬁcation ratio compared with AtALMT9WT (Table I).
AtALMT9K193E showed a markedly increased rectiﬁca-
tion ratio of 0.50 6 0.09, whereas AtALMT9R215N
exhibited a lower rectiﬁcation ratio (0.14 6 0.01). The
different rectiﬁcation rates of AtALMT9K193E and
AtALMT9R215N indicate that the mutated residues are
involved in conferring rectiﬁcation characteristics to
the pore of AtALMT9. Hence, it is likely that Lys-193
and Arg-215 are involved in forming the conduction
pathway. In summary, we could observe alterations in
citrate block sensitivity and open channel rectiﬁcation
when analyzing the properties of the conductive mu-
tant channels. We identiﬁed three positively charged
residues preceding TMa5 or within TMa5 (Lys-193,
Arg-200, and Arg-215) that fundamentally contribute
to the functionality of the conduction pathway of
AtALMT9.
AtALMT9 Is a Multimeric Anion Channel
Composed of Four Subunits
The discovery of the mutant channel AtALMT9K193E,
which is characterized by complete insensitivity to
Figure 4. Variable effects of mutations of conserved AtALMT9 residues on citrate blockade. A, Normalized current-voltage curves
of the mutants AtALMT9K193E, AtALMT9K193N, AtALMT9R200N, and AtALMT9R215N in control conditions (ctrl) and in the presence of
10 mM citratecyt (CA) obtained with a voltage ramp (from +60 mV to 2160 mV in 1.5 s). B, Ratio between the control currents and
the residual currents after inhibition with 10 mM citratecyt (ICA/Ictrl). Depicted are AtALMT9K193E (squares; n = 4), AtALMT9K193N
(diamonds; n = 4), AtALMT9R200N (inverted triangles; n = 4), AtALMT9R215N (triangles; n = 3), and AtALMT9WT (circles; n = 4). C,
Ratios of the currents of different AtALMT9 mutants before and after the application of 10 mM citratecyt (ICA/Ictrl; n = 3–5) at2160 mV.
Currents were measured in symmetric conditions (100 mM malatevac/100 mM malatecyt). Asterisks indicate statistically significant
differences from AtALMT9WT (****P , 0.0001; two-tailed Student’s t test). Error bars denote SD.
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citrate inhibition, provides the opportunity to investi-
gate whether AtALMT9 is a monomeric or a multi-
meric channel (MacKinnon, 1991; Kosari et al., 1998).
If AtALMT9 is a monomer, a co-overexpression of
AtALMT9WT and AtALMT9K193E would not inﬂuence
the Kd
citrate. In contrast, in case AtALMT9 functions as a
multimeric complex, the heteromultimeric hybrids of
AtALMT9WT and AtALMT9K193E would exhibit an al-
tered sensitivity to citratecyt. Therefore, the presence of
heteromultimers would result in a shift in Kd
citrate. We
performed experiments in which we coinﬁltrated to-
bacco leaves with a mixture of two Agrobacterium
tumefaciens strains carrying plasmids with the se-
quence of either AtALMT9WT or AtALMT9K193E in dif-
ferent ratios (1:1 and 1:4). First, we veriﬁed the
transcription levels of AtALMT9WT and AtALMT9K193E
after coinﬁltration. When inﬁltrating leaves with a 1:1
ratio of the two A. tumefaciens strains, we observed that
50.1% 6 9.2% of the AtALMT9 transcripts were of
wild-type origin and 49.9% 6 9.2% were the mutant
sequence. Similarly, when coinﬁltrating tobacco leaves
with the two A. tumefaciens strains in a ratio of 1:4, we
found that 15% 6 13% of the AtALMT9 transcripts
were the wild-type sequence and 85% 6 13% showed
the sequence of AtALMT9K193E (Fig. 5A). Thus, using
these A. tumefaciens mixtures, we were able to coex-
press both AtALMT9 variants in tobacco in a ratio
corresponding to that of the inﬁltration mix. Sub-
sequently, we tested the citrate block sensitivity
of vacuoles co-overexpressing AtALMT9WT and
AtALMT9K193E in 1:1 and 1:4 ratios. As observed in
OE AtALMT9WT patches, the coexpression displayed
Figure 5. AtALMT9 forms homomultimeric complexes. A, Relative occurrence of AtALMT9WT and AtALMT9K193E transcripts in
leaves of tobacco coinfiltrated with a 1:1 and a 1:4 mixture of A. tumefaciens strains each carrying plasmids with the sequence
of one of the channel variants. Error bars represent SD of four biologically independent replicates (20 transcripts were analyzed
for each replicate). B, Representative normalized current-voltage curves obtained with a voltage ramp (from +60 to2160 mV in
1.5 s; the holding potential was +60 mV) measured in excised cytosolic-side-out patches from vacuoles coexpressing
AtALMT9WTand AtALMT9K193E at different ratios (left, AtALMT9WT:AtALMT9K193E = 1:1; right, AtALMT9WT:AtALMT9K193E = 1:4).
Currents were recorded in control conditions (ctrl) and in the presence of 10 mM citratecyt (CA). C, Dose-response curves for
citratecyt from vacuoles overexpressing AtALMT9WT (circles), AtALMT9K193E (squares), AtALMT9WT:AtALMT9K193E = 1:4 (triangles),
and AtALMT9WT:AtALMT9K193E = 1:1 (hourglass; n = 4–7). The data of AtALMT9WTwere fitted with Equation 1. Data of the 1:1 and
1:4 ratios were fitted with Equation 2. Error bars denote SD. D, Values of the Kd
citrate at Vm = 2160 mV derived from C. Currents
were recorded in symmetric conditions (100 mM malatevac/100 mM malatecyt). Error bars display SD. E, Immunoblot analysis of
microsomal proteins extracted from untransformed (control) and AtALMT9WT-overexpressing (AtALMT9-GFP) leaves of tobacco
using an anti-GFP antibody. In the top panel, the lane of protein extracts from AtALMT9-overexpressing leaves displays three
bands corresponding to monomeric (star; approximately 70 kD), dimeric (black circle; approximately 140 kD), and tetrameric
(white circle; approximately 280 kD) forms of the AtALMT9 protein complex. The bottom panel shows the corresponding
Ponceau S staining. WT, Wild type.
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malate currents that were blocked by citratecyt (Fig.
5B). Notwithstanding, the currents in vacuolar patches
co-overexpressing both AtALMT9 variants were less
sensitive to citratecyt than currents recorded in vacu-
oles only expressing AtALMT9WT and showed a shift
in Kd
citrate (Fig. 5C). The Kd
citrate was 6.6 6 0.6 mM and
10.4 6 1.2 mM for the 1:1 and 1:4 ratios, respectively,
thus representing 1.3- and 2.1-fold increases of Kd
citrate
compared with AtALMT9WT (Fig. 5D). This increase
of Kd
citrate in vacuoles simultaneously expressing
AtALMT9WT and AtALMT9K193E is in agreement with
a model in which both variants assemble to a hetero-
multimeric channel and citrate interacts with multiple
subunits. To further conﬁrm this ﬁnding, we per-
formed denaturing PAGE on microsomal proteins
extracted from transiently transformed tobacco leaves
that overexpressed AtALMT9-GFP (Fig. 5E). Using a
GFP-speciﬁc antibody, we detected AtALMT9-GFP
predominantly as an approximately 70-kD monomer.
This band was smaller than predicted based solely on
its formula molecular mass (93.5 kD) but was consis-
tent with an apparent reduction in protein size ob-
served under nonreducing conditions (Wittig and
Schägger, 2008). We identiﬁed two higher order com-
plexes in the absence of reducing agents and without
heating up the samples (Fig. 5E). These complexes
corresponded in size to an AtALMT9-GFP dimer (ap-
proximately 140 kD) and a tetramer (approximately
280 kD; Fig. 5E). Thus, these results provide evidence
that AtALMT9-GFP functions as a multimer in which
supposedly four subunits form the channel.
DISCUSSION
The usage of blockers and the analysis of their ef-
fects on different site-speciﬁc mutants have allowed
the development of structural models of ion chan-
nels when the crystal structures were not solved
(MacKinnon, 1991; Yellen et al., 1991; Linsdell, 2005).
Due to the absence of detailed data about the structure
of ALMTs, the only available information comes from
in silico predictions and a few structure-function
studies (Motoda et al., 2007; Ligaba et al., 2009;
Furuichi et al., 2010; Mumm et al., 2013). Hence, the
exact topology of ALMT proteins is not yet unam-
biguously determined (Motoda et al., 2007; Dreyer
et al., 2012). Nonetheless, on the basis of software
predictions and the existing data, Arabidopsis ALMT
channels are likely to be formed by an N-terminal
TMD constituted of six membrane-spanning helices
with the N-terminal and the C-terminal domains fea-
turing an intracellular orientation (Fig. 2A; Kovermann
et al., 2007; http://aramemnon.botanik.uni-koeln.de).
Using in silico analysis, Piñeros et al. (2008) suggested
that the TMD is involved in forming the permeation
pathway. Nevertheless, the few structure-function
studies focused on the C-terminal domain of ALMT
proteins (Ligaba et al., 2009; Furuichi et al., 2010;
Mumm et al., 2013). Because of the complete lack of
experimental data on the N-terminal TMD of ALMTs,
we performed a site-directed mutagenesis screen of
this region using AtALMT9.
We could identify the three residues Lys-193,
Arg-200, and Arg-215 as being important for channel
functionality and possibly as being part of the anion
conduction pathway. The mutation of Lys-193 and
Arg-200, which are localized at the cytosolic face of
AtALMT9, strongly impacted on both channel func-
tionality and citrate blockade. The channel variants
AtALMT9K193N and AtALMT9K193E display a strong
and progressive effect on citrate inhibition sensitivity,
resulting in a complete abolition of the open channel
blockade in AtALMT9K193E. Moreover, AtALMT9K193E
features an impaired open channel rectiﬁcation com-
pared with AtALMT9WT. Regarding position Arg-200,
the substitution into a Glu results in a nonconductive
channel (AtALMT9R200E), while the channel variant
AtALMT9R200N is functional but has strongly reduced
citrate block sensitivity. Differently, mutation of the
Figure 6. Model illustrating the block of AtALMT9 by cytosolic citrate. Cytosolic citrate inhibits AtALMT9 by acting as an open
channel blocker. This indicates that citrate enters the permeation pathway to block AtALMT9 currents. To exert its blocking
action, the trivalent anion citrate interacts electrostatically with the two positively charged residues Lys-193 and Arg-200. Lys-
193 and Arg-200 are located at the cytosolic side of the channel and are likely to participate in forming the pore entrance. The
vacuolar-facing Arg-215 is involved in the anion permeation process through AtALMT9 and, like Lys-193 and Arg-200, is part of
the same putative transmembrane helix (TMa5).
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residue Arg-215, as expected by its predicted vacuolar-
side localization, does not modify citrate inhibition.
However, AtALMT9R215N is impaired in its rectiﬁca-
tion ratio, suggesting that the mutated residue is in-
volved in the permeation process. Again, an exchange
of the electrical charge of the residue (R215E) results in
a nonconductive channel. Interestingly, the charge
conservative mutant channels of these three positions
(AtALMT9K193R, AtALMT9R200K, and AtALMT9R215K)
maintained the channel properties indistinguishable
from AtALMT9WT (Fig. 4C). Therefore, the interaction
of citrate with AtALMT9 is mainly electrostatic, and
Lys-193 and Arg-200 are key residues in forming the
citrate-binding site. When inhibiting AtALMT9 cur-
rents, citrate enters the TMD and penetrates 17% of the
applied electrical ﬁeld. Thus, combining this informa-
tion with the predicted location of Lys-193 and Arg-200,
it is likely that the binding site for citrate is placed at
the cytosolic entrance of the conduction pathway of
AtALMT9 (Fig. 6).
In addition, the results provided information about
the topology of the AtALMT9 TMD. Our experimental
data point toward an opposite orientation of ALMT
proteins compared with the models proposed by
Motoda et al. (2007) and Dreyer et al. (2012). Indeed,
the fact that the mutation of the cytosolic-facing resi-
dues Lys-87, Lys-193, and Arg-200 impairs citrate
block (Fig. 4; Supplemental Fig. S4) while the mutation
of the vacuolar-facing Arg-215 does not is in agree-
ment with the computer-based prediction of the to-
pology of AtALMT9, with an intracellular localization
of the N terminus and an orientation of the protein as
depicted in Figure 2. Moreover, this study demon-
strates that three residues (Lys-193, Arg-200, and
Arg-215) that are important in the anion permeation
process reside within TMa5 or in the short loop pre-
ceding it. TMa5 is predicted to span the entire mem-
brane, whereby Lys-193 and Arg-200 are located on the
opposite side of TMa5 than Arg-215 (Fig. 2). Hence, it is
tempting to speculate that TMa5 lines the whole
permeation pathway of AtALMT9, similar to what has
been previously observed in other ion channels (Hilf
and Dutzler, 2009; Hibbs and Gouaux, 2011).
Several introduced mutations of residues in the TMD
result in major defects on AtALMT9 conductivity re-
gardless of the chemical properties of the substitution
(Table I). This nonfunctionality prevents further inves-
tigations but suggests an essential structural role of these
residues. Nonetheless, we have identiﬁed the distinct
structural role of the residue Lys-93. Lys-93 is located
within TMa1 and is strictly conserved among different
ALMTs (Supplemental Fig. S2). We have demonstrated
that Lys-93 forms a salt bridge with another strictly
conserved residue in TMa2, Glu-130. This proves that
TMa1 and TMa2 are connected by a salt bridge that is
crucial for channel functionality. Similar observations of
a restored wild-type channel function when exchanging
the residues of a salt bridge have been made in the cystic
ﬁbrosis transmembrane conductance regulators (Cotten
and Welsh, 1999; Cui et al., 2013).
The concomitant ﬁnding of the pore blocker citrate
and the mutant channel AtALMT9K193E that features
abolished block sensitivity allowed investigation of
the oligomeric state of AtALMT9 (MacKinnon, 1991).
This is an intriguing opportunity, since, to our knowl-
edge, it is not known whether ALMTs present a mono-
meric or multimeric architecture. To distinguish between
these two possibilities, we coexpressed AtALMT9WT and
AtALMT9K193E and found that the sensitivity to citrate
was decreased and the Kd
citrate was shifted. These results
are consistent with a model in which AtALMT9 channels
form a multimeric complex and citrate interacts with
multiples of those subunits. Moreover, since citrate is an
open channel blocker interacting with the pore-forming
region, our data suggest that several AtALMT9 poly-
peptides participate in forming the anion conduction
pathway. This type of multimeric organization is shared
with several other families of ion channels like potassium
channels (MacKinnon, 1991), Glu receptors (Rosenmund
et al., 1998; Robert et al., 2001), and acid-sensing channels
(Kosari et al., 1998, 2006; Snyder et al., 1998). However,
due to the low afﬁnity of citrate, it is not possible to
apply saturating blocker concentrations that would have
allowed determination of the exact stoichiometry of
AtALMT9 complexes. Therefore, we used a biochemical
approach to provide evidence that AtALMT9 features a
multimeric organization. Our data suggest that AtALMT9
forms presumably tetrameric complexes, similar to
what has been found for potassium channels (Daram
et al., 1997; Doyle et al., 1998). These results are in line
with recent ﬁndings on AtALMT9, where the induc-
tion of chloride conductance by malate was shown to
exhibit a Hill coefﬁcient of 2.5, indicating that more
than two subunits are required to form a functional
channel (De Angeli et al., 2013).
One question that arises from this ensemble of re-
sults is whether the structural characteristics we de-
scribed for AtALMT9 are extendible to other members
of the ALMT family. We predominantly investigated
residues that are conserved among the family at least
in their electrical charge. Moreover, based on second-
ary structure prediction, the N-terminal TMD has a
remarkably conserved topology. Thus, it is probable
that the results concerning the structure found for one
ALMT are also valid for other members.
In conclusion, our work provides new molecular,
biochemical, and biophysical details about the TMD of
a member of the ALMT family. We identiﬁed a prob-
able pore-forming region of ALMT anion channels and
revealed that AtALMT9, and presumably also other
ALMTs, are multimeric complexes formed by four
subunits in which multiple subunits participate in the
formation of the conduction pathway.
MATERIALS AND METHODS
Site-Directed Mutagenesis
Arabidopsis (Arabidopsis thaliana) AtALMT9 complementary DNA was
cloned into the expression vector pART27 as described previously (Kovermann
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et al., 2007). The site-directed mutants were generated following the manufac-
turer’s instructions of the Quikchange Site-Directed Mutagenesis Kit (Agilent
Technologies) with slight modiﬁcations. All point mutations were veriﬁed by
sequencing.
Overexpression of AtALMT9-GFP in Tobacco
Agrobacterium tumefaciens (GV3101) was transformed with plasmids con-
taining the sequences of the AtALMT9WT channel and its point-mutated de-
rivatives by electroporation. The A. tumefaciens-mediated inﬁltration of
4-week-old tobacco (Nicotiana benthamiana) leaves was performed as described
previously with slight modiﬁcations (Yang et al., 2001). After transient
transformation, tobacco plants were grown in the greenhouse (16 h of light/8
h of dark, 25°C/23°C, 100–200 mmol photons m22 s21, 60% relative humidity)
for another 2 to 3 d and then used to isolate protoplasts for confocal laser
scanning microscopy and patch-clamp experiments.
Veriﬁcation of AtALMT9WT and AtALMT9K193E
Coexpression in Tobacco
A. tumefaciens strains harboring plasmids with either the sequence of
AtALMT9WT or AtALMT9K193E were coinﬁltrated into tobacco in a bacteria
ratio of 1:1 and 1:4 after deﬁning the optical density at 600 nm. Whole-leaf
RNA was extracted 2 to 3 d after transient transformation, and complemen-
tary DNA was subsequently synthesized. We ampliﬁed AtALMT9 via PCR
using a 20-mL reaction volume and the Phusion High-Fidelity DNA Poly-
merase (Thermo Scientiﬁc). PCR conditions were set as follows: 98°C for 2 min
in the ﬁrst cycle; subsequently, 30 ampliﬁcation cycles consisting of 10 s at
98°C, 20 s at 58°C, and 1.20 min at 72°C; the ﬁnal extension was 5 min at 72°C.
Subsequently, we cloned the PCR product into the pJet1.2/blunt cloning
vector (CloneJet PCR Cloning Kit; Thermo Scientiﬁc) and determined the
amount of AtALMT9WT and AtALMT9K193E transcripts by sequencing.
Microscopy
Intracellular localization of AtALMT9-GFP mutants was determined by
performing a lysis to release vacuoles of tobacco protoplasts overexpressing the
appropriate mutant channel construct. Microscopy was conducted using a
Leica DMIRE2 www.leica-microsystems.com laser scanning microscope that
was equipped with a 633 glycerol objective. GFP ﬂuorescence signal was
imaged at an excitation wavelength of 488 nm, and the emission was detected
between 500 and 530 nm. The appropriate Leica confocal software has been
used for image acquisition. The images in Supplemental Figure S3 were
obtained with an epiﬂuorescence microscope (Nikon Eclipse TS100) and ac-
quired with a digital camera (Nikon DS-Fi1).
Electrophysiology
Mesophyll protoplasts from AtALMT9-GFP-overexpressing tobacco leaves
were isolated by enzymatic digestion. The enzyme solution contained
0.3% (w/v) cellulase R-10, 0.03% (w/v) pectolyase Y-23, 1 mM CaCl2, 500 mM
sorbitol, and 10 mM MES, pH 5.3, 550 mosmol. Protoplasts were washed twice
and resuspended in the same solution without enzymes. Vacuoles were
released from mesophyll protoplast by the addition of 5 mM EDTA and a
slight osmotic shock (500 mosmol; see medium below). Transformed
vacuoles exhibiting an AtALMT9-GFP signal were selected using an epi-
ﬂuorescence microscope. Membrane currents from patches of the tonoplast
were recorded using the excised cytosolic-side-out patch-clamp technique as
described elsewhere (De Angeli et al., 2013). Brieﬂy, currents were recorded
with an EPC10 patch-clamp ampliﬁer (HEKA Electronics) using Patchmaster
software (HEKA Electronics). Data were analyzed with FitMaster software
(HEKA Electronics). In experiments on macroscopic current recordings, the
pipette resistance was 4 to 5 MV. Only patches presenting a seal resistance
higher than 2 GV were used to perform experiments. Macroscopic current
recordings were ﬁltered at 300 Hz.
The pipette solution contained 112 mM malic acid and 5 mM HCl and was
adjusted with BisTrisPropane (BTP) to pH 6. The osmolarity was adjusted
with sorbitol to 550 mosmol. The bath solution contained (1) 100 mM malic
acid, 3 mM MgCl2, and 0.1 mM CaCl2, adjusted to pH 7.5 with BTP; (2) 100 mM
malic acid, citric acid (2, 5, 10, or 30 mM), 3 mM MgCl2, and 0.1 mM CaCl2,
adjusted to pH 7.5 with BTP; and (3) 100 mM citric acid, 3 mM MgCl2, and
0.1 mM CaCl2, adjusted to pH 7.5 with BTP. The osmolarity was adjusted to
500 mosmol using sorbitol. All chemicals were purchased from Sigma-Aldrich.
Liquid junction potentials were measured and corrected when higher than
62 mV (Neher, 1992). Current-voltage characteristics were obtained by sub-
tracting the current at time zero from the quasistationary currents (averaging
the last 50 ms of the current trace) elicited by main voltage pulses. In all patch-
clamp experiments, the applied membrane potential (Vm) is presented
according to the convention for intracellular organelles of Bertl et al. (1992),
namely Vm = Vcyt 2 Vvac, where Vcyt and Vvac are the cytosolic and vacuolar
potentials, respectively.
The dose response for the citratecyt inhibition of AtALMT9WT currents (Figs.
1 and 5; Supplemental Fig. S4) was ﬁtted and analyzed with the Langmuir






where I is the AtALMT9 current amplitude in the presence of citratecyt, I0 is the
AtALMT9 current under control solution, [CA]cyt is the cytosolic citrate con-
centration, and Kd
CA is the dissociation constant of citrate.
The dose response for the citratecyt inhibition of the co-overexpression of
AtALMT9WT and AtALMT9K193E in 1:1 and 1:4 ratios (Fig. 5) was ﬁtted with






where I is the current amplitude in the presence of citratecyt, I0 is the current
amplitude under control solution, [CA]cyt is the cytosolic citrate concentration,
Kd
CA is the dissociation constant of citrate, and Iinh is the maximum fraction of
current inhibited by citratecyt.
To estimate the fraction of the electrical ﬁeld that citrate traverses to reach its
binding site, the voltage-dependent dissociation constant relationship was
ﬁtted with the equation described by Woodhull (1973):




CA(Vm) is the voltage-dependent dissociation constant of citrate,
Kd
CA(0) is the dissociation constant of citrate at 0 mV, Vm is the transmembrane
potential, z is the valence of the blocker, d is the fraction of the electrical
membrane ﬁeld traversed by the blocker, and F, R, and T are the Faraday
constant, gas constant, and absolute temperature, respectively. Experiments
were performed at room temperature (22°C–25°C).
For all calculations, the actual citrate32 concentration was determined with
the Henderson-Hasselbach equation. The citrate32 concentration was estimated
to be 93% of the different citric acid forms at pH 7.5.
The rectiﬁcation rate coefﬁcient was obtained by calculating the ratio be-
tween the conductance at the end of the activating pulse (Vm = 2120 mV) and
the conductance at the very beginning of the deactivating pulse (Vm = +60 mV).
The conductance at the end of the activating pulse was estimated by using the
ratio between the average current amplitude of the last 5 ms of the activation
pulse and the applied activating potential. To calculate the conductance at the
beginning of the deactivating pulse, the initial current was extrapolated from a
monoexponential ﬁt of the tail currents and divided by the applied deactivating
potential of +60 mV.
Microsomal Protein Extraction and Protein
Gel-Blot Analysis
Leaf material from unﬁltrated (or empty vector-expressing) tobacco plants
(data not shown) and AtALMT9-GFP-expressing tobacco plants was homog-
enized by cryogenic grinding with mortar and pestle and mixed with 4°C ice-
cold homogenization buffer (250 mM Tris-HCl, pH 8.5, 25 mM EDTA, 30% Suc,
5 mM dithiothreitol, and protease inhibitor cocktail tablet [Roche]). The debris
was sedimented by centrifugation at 5,000 rpm in a table-top centrifuge
(Biofuge fresco; Heraeus) for 10 min at 4°C. Afterward, the supernatant
fraction was passed through Miracloth (Calbiochem), transferred into ultra-
centrifugation tubes, and spun down at 35,000 rpm in an ultracentrifuge for
45 min at 4°C (Beckman Optima, SW41Ti). The membranes were solubilized in
100 mL of solubilization buffer (15 mM MOPS, pH 7.0, 1 mM EDTA, 30%
glycerol [v/v], 0.5% n-dodecyl-b-D-maltoside, and protease inhibitor cocktail
tablet [Roche]) for 30 min on ice. Equal protein amounts (Quick Start Bradford
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Protein Assay; Bio-Rad) were loaded on SDS-PAGE gels (4%–20% Mini
PROTEAN TGX precast gradient gel; Bio-Rad) in the absence of dithiothreitol.
Proteins were blotted on polyvinylidene diﬂuoride membranes (0.45 mm;
Millipore) using the tank approach (Mini Trans-Blot Electrophoretic Transfer
Cell; Bio-Rad), and an anti-GFP antibody (Clontech; 1:1,000) was used for
immunodetection.
Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession numbers NP_188473.1.
Supplemental Data
The following materials are available in the online version of this article.
Supplemental Figure S1. AtALMT9WT and AtALMT9K193E are poorly per-
meable for citrate.
Supplemental Figure S2. Multiple alignment of the ALMT protein family
of Arabidopsis.
Supplemental Figure S3. Intracellular localization of the different mutant
channels of AtALMT9-GFP.
Supplemental Figure S4. AtALMT9 point mutants display different chan-
nel conductivity and sensitivity to citrate inhibition.
Supplemental Figure S5. The double mutant AtALMT9K93E/E130K is inhibited
by intracellular citrate like AtALMT9WT.
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Identification of a probable pore forming domain in the multimeric vacuolar 
anion channel AtALMT9 







Supplemental Figure S1. AtALMT9WT and AtALMT9K193E are poorly permeable 
for citrate. 
(A, C) Representative traces and normalized mean I-V curves of excised cytosolic-
side out patches from N. benthamiana vacuoles overexpressing AtALMT9WT (A; 
upper traces) and AtALMT9K193E (C; upper traces) displayed time dependent malate 
currents in symmetric ionic conditions (circles; 100 mM malatevac/ 100 mM malatecyt). 
When the cytosolic solution was replaced with 100 mM CAcyt (squares; 100 mM 
malatevac/ 100 mM CAcyt) the inward currents decreased and displayed only weak 
time dependent currents (A, C; lower traces). The current ratios 
ICA/IMalate(AtALMT9WT) = 5 ± 5% and ICA/IMalate(AtALMT9K193E) = 7 ± 3% show that 
CA is poorly permeable compared to malate. Currents were evoked in response to 3 s 
voltage pulses ranging from +60 mV to -120 mV in -20 mV steps followed by a tail 
pulse at +60 mV. The holding potential was set +60 mV. Error bars represent sd. Each 
data point corresponds to 4-11 patches. (B) Voltage dependency of the relative open 
probability of AtALMT9WT in control conditions (ctrl; 100 mM malatevac/ 100 mM 
malatecyt; circles) and in presence of 10 mM CAcyt (100 mM malatevac/ 100 mM 
malatecyt+10 mM CAcyt; diamonds). The relative open probability was estimated from 
the initial current amplitude of the tail currents (derived from a mono-exponential fit 
of the current decay) which followed an activating pulse of various potentials. We 
were unable to reach the full activation of AtALMT9 channels as it is likely to occur 
at voltages more negatives than -160 mV, a value at which the vacuolar membrane 
becomes unstable. Therefore the data (n=8-10) was normalized to the Imax value that 
was obtained by fitting each data set with the Boltzmann equation.  
The solid lines represent the best fits of the mean relative open probability in control 
and in presence of 10 mM CAcyt with a Boltzmann equation in the following form:  
                                                         !!!"# = 1/(1+ ! !" !!!!!" )  
in which POrel is the relative open probability, z the gating charge, F the Faraday 
constant, R the universal gas constant, T the absolute temperature and Vh the voltage 
of half activation. The fit shows that the presence of 10 mM CAcyt does not change 
significantly the voltage dependent gating of the channel since Vh = -81 ± 1 mV and z 
= 0.6 ± 2 under control conditions and Vh = -76 ± 3 mV and z = 0.7 ± 1 with 10 mM 
CAcyt. (D) “Kick-out experiment” performed on the mutant AtALMT9K193E. Grey 
traces were obtained under 100 mM malatevac/ 100 mM malatecyt conditions and black 
traces in the presence of 10 mM CAcyt (100 mM malatevac/ 100 mM malatecyt+10 mM 
CAcyt). The currents evoked in response to a 2 s voltage pulse at -140 mV. 
Subsequently, the membrane potential was transiently stepped for 3 ms to +60 mV 
and then restored to -140 mV for 1 s which was followed by a tail pulse at +60 mV. 









Supplemental Figure S2. Multiple alignment of the ALMT protein family of 
Arabidopsis thaliana. 
The alignment was conducted with the Jalview software (Waterhouse et al., 2009). 
Asterisks and red boxes indicate the residues that were targeted by site-directed 
mutagenesis in the present study. 
 
 
 Supplemental Figure S3. Intracellular localization of the different mutant 
channels of AtALMT9-GFP. 
Fluorescence images of vacuoles extracted from N. benthamiana protoplasts 
expressing the different AtALMT9-GFP mutants. None of the introduced mutations 
altered the tonoplastic localization of AtALMT9. The pictures were obtained with an 
epifluorescence microscope (Nikon Eclipse TS100) and acquired with a digital 




Supplemental Figure S4. AtALMT9 point mutants display different channel 
conductivity and sensitivity to citrate inhibition 
Representative traces of current recordings from vacuoles overexpressing 
AtALMT9R200N and AtALMT9R200E (A), AtALMT9R215N and AtALMT9R215E (C) in 
symmetric malate conditions (100 mM malatevac/ 100 mM malatecyt).  Currents were 
evoked in response to 3 s voltage pulses ranging from +60 mV to -120 mV in -20 mV 
steps followed by a tail pulse at +60 mV. The holding potential was +60 mV.  “Kick-
out experiments” were performed with the mutants AtALMT9R200N (B) and 
AtALMT9R215N (D).   Grey traces were obtained in 100 mM malatevac/ 100 mM 
malatecyt conditions and black traces in the presence of 10 mM CAcyt (100 mM 
malatevac/ 100 mM malatecyt + 10 mM CAcyt). The currents evoked in response to a 2 s 
voltage pulse at -140 mV. Subsequently the membrane potential was transiently 
stepped for 3 ms to +60 mV and then restored to -140 mV for 1s which was followed 
by a tail pulse at +60 mV. The holding potential was set to +60 mV. (E) 
Representative I-V curves obtained with a voltage ramp (from +60 mV to -160 mV in 
1.5 s; holding potential +60 mV) measured in excised cytosolic-side out patches from 
vacuoles expressing AtALMT9K87E in control conditions (ctrl) and in presence of 10 
mM CAcyt. (F) Dose-response of CAcyt concentration-dependent ratio of AtALMT9WT 
and AtALMT9K87E at -160 mV. To estimate the dissociation constant KdCA the data 
points were fitted with a Langmuir isotherm (equation 1). The resulting KdCA values 
were 5.1 ± 0.3 mM and 16.2 ± 2.3 mM for AtALMT9WT and AtALMT9K87E, 





Supplemental Figure S5. The double mutant AtALMT9K93E/E130K is inhibited by 
intracellular citrate comparable to AtALMT9WT. 
(A) Representative I-V curves obtained with a voltage ramp (from +60 mV to -160 
mV in 1.5 s; holding potential +60 mV) measured in excised cytosolic-side out 
patches from vacuoles expressing the double mutant AtALMT9K93E/E130K in control 
conditions (ctrl) and in presence of 10 mM CAcyt. (B) Ratio between currents in 
presence of 10 mM CAcyt and in control conditions at different membrane potentials. 
Depicted are AtALMT9WT (circles; n = 4) and AtALMT9K93E/E130K (squares; n = 3).  






3. Chapter II:  
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In Arabidopsis, the AtALMT (Aluminum-activated Malate Transporter) gene family 
encodes for anion-permeable channel proteins that have been found to be located at the 
plasma and at the vacuolar membrane (Barbier-Brygoo et al., 2010, Meyer et al., 
2010a). However, the membrane topology and structural and compositional 
organization of AtALMT channels remain largely ambiguous. Recently, detailed 
information about the structure-function relation and topology of AtALMT9, a vacuole-
targeted member of the protein family, became available (Zhang et al., 2013; Chapter I). 
In that study it has been shown that the functional unit of the AtALMT9 channel is a 
homomer. The subunits of which AtALMT9 is composed each contributes to forming 
the conduction pathway (Zhang et al., 2013; Chapter I). Although the assembly of 
homomers has been shown to be required for AtALMT9 function, it remains elusive 
whether the channel is able to interact with other members of the AtALMT family to 
build heteromers that reside in the vacuolar membrane. Of note, at least one other 
member, AtALMT6 (Meyer et al., 2011), forms a functional channel at the tonoplast 
and is therefore a potential interaction partner of AtALMT9. Furthermore, 
heteromerization of plant channels has been observed before. For instance, plant K⁺ 
channels are multimeric proteins built of four subunits (Daram et al., 1997, Gambale 
and Uozumi, 2006) that have been previously found to form homo- as well as 
heteromers with other proteins of the K⁺ channel family (Lebaudy et al., 2008, Isacoff 
et al., 1990). 
Several molecular approaches exist to investigate protein-protein interaction, such as 
yeast two-hybrid (Y2H) (Fields and Song, 1989), split-ubiquitin system (SUS) 
(Johnsson and Varshavsky, 1994), Förster resonance energy transfer (FRET) 
(Miyawaki et al., 1997), and bimolecular fluorescence complementation (BiFC) (Hu et 
al., 2002). BiFC is a powerful tool to study potential protein-protein interaction of 
membrane-spanning transporters or channels in living plant cells. Hence, here we make 
use of BiFC to investigate the putative heteromeric interaction of vacuolar AtALMT 
proteins. This method is based on the splitting of a fluorophore, such as eYFP (enhanced 





halves. The nYFP and the cYFP peptides are fused to one of the two potential 
interacting partners, respectively. Only if the putative protein interaction takes place, 
the two YFP peptides get in close proximity and the YFP fluorescence is complemented 
(Hu et al., 2002, Kerppola, 2006, Waadt and Kudla, 2008, Bracha-Drori et al., 2004, 
Walter et al., 2004). Hence, with this approach the detection of the YFP signal with 
Confocal Laser Scanning Microscopy (CLSM) indicates that the two proteins of interest 
are able to interact. The advantage over several other in vivo approaches is that 
interaction can be monitored in living plant cells. In addition, the intracellular 
localization can be determined using BiFC. Yet, this approach is based on the 
simultaneous expression of two constructs in the same cell, and co-transformation 
might lead to differences in copy number, expression levels or complete loss of one 
interacting partner. Additionally, negative results are difficult to interpret due to the 
lack of an internal expression and transformation control.  
To overcome these drawbacks, Grefen and Blatt established a modified BiFC method, 
a 2in1 cloning system that enables ratiometric BiFC (rBiFC) and that is based on the 
introduction of multiple expression cassettes within a single vector backbone (Grefen 
and Blatt, 2012). The rBiFC approach does not rely on co-expression of several 
plasmids, since both candidate genes are simultaneously incorporated into the same 
vector backbone. Hence, variability in expression of the individual partners is 
overcome. In addition, this vector backbone harbors an internal ﬂuorescent marker 
(soluble monomeric red fluorescent protein, mRFP) for expression and transformation 
control and ratiometric analysis, allowing comparison of different protein-protein 
interactions and thereby relative quantification of the interaction strength (Grefen and 
Blatt, 2012).  
In this chapter of the thesis, I present evidence that, besides AtALMT9 (Kovermann et 
al., 2007) and AtALMT6 (Meyer et al., 2011), all other AtALMT proteins of clade II 
(Kovermann et al., 2007) are located at the vacuolar membrane. Moreover, it is shown 
that these vacuolar AtALMTs are able to form multi-heteromeric complexes. To obtain 
first insights into the physiological relevance of this interaction, I demonstrate that 








It has been shown in previous studies that AtALMT9 (Kovermann et al., 2007) and 
AtALMT6 (Meyer et al., 2011) reside at the vacuolar membrane. Since other members 
of the AtALMT family, namely clade II members, show high sequence similarities with 
AtALMT9 (Kovermann et al., 2007), the intracellular localization of these proteins was 
investigated. For that purpose, AtALMT5, AtALMT4 and AtALMT3 were fused to 
GFP and transiently transformed into tobacco (Nicotiana benthamiana) leaves by 
infiltration. Mesophyll protoplasts were obtained by enzymatic digestion and 
subsequently lysed in order to visualize the tonoplast.  
 
Figure 1. Clade II AtALMT Members are Located at the Vacuolar Membrane. 
Confocal microscopy of AtALMT-GFP fusion proteins showing in panel (A) and (B) the 
fluorescent pictures and in (C) the bright fields. Tobacco leaves were transiently transformed, 
mesophyll protoplasts were obtained by digestion, and vacuoles were released. (A) The green 
signal represents the AtALMT-GFP fusion protein, (B) in red the auto-fluorescent signal of the 





The GFP signal was clearly detected at the vacuolar membrane, demonstrating that all 
clade II members of the AtALMT family are tonoplast-integral proteins (Figure 1). 
Patch-clamp analysis demonstrated that AtALMT4 (Eisenach et al., unpublished) and 
AtALMT5 proteins form functional channels. AtALMT5 was shown to be an inward 
rectifier that exhibits malate permeability (Figure 2).  
 
Figure 2. AtALMT5 is an Inward Rectifying Malate Channel. 
Patch-clamp analyses of AtALMT5-GFP that is transiently overexpressed in tobacco mesophyll 
protoplasts. Protoplasts were obtained by digest and lysed to access the vacuolar membrane. 
Untransformed vacuoles served as a control for background malate currents. Both, the cytosolic 
and the vacuolar solutions contained 100 mM malate. Currents were recorded in the excised 
cytosolic-side-out configuration. 
(A) The applied voltage pulses (3 sec) ranged from +60 mV to -120 mV and were recorded in 
20 mV steps at a holding potential of +60 mV. 
(B) Representative currents mediated by AtALMT5-GFP and by untransformed tobacco 
vacuoles.  
(C) Mean currents mediated by AtALMT5-GFP (n=12) and untransformed vacuoles (n=5).  






Since several AtALMT channels reside in the same membrane, and AtALMT9 has been 
shown to be composed of multiple subunits, the possibility arises that different vacuolar 
AtALMT channels interact to form heteromeric protein complexes. To test this 
hypothesis we made use of ratiometric bimolecular fluorescence complementation 
(rBiFC) (Grefen and Blatt, 2012). The modified rBiFC approach has several 
advantages: easier transformation (no need for co-transformation), transformation 
controls (constitutive RFP expression), more equal expression levels of interacting 
partners (expression from a single plasmid) and quantification of interaction (YFP/RFP 
ratio) (Grefen and Blatt, 2012).  
 
 
Figure 3. Schematic Illustration of 2in1 BiFC Cloning System. 
Vector maps depicting the 2in1 BiFC vector series. The N- and C-terminal half of YFP (nYFP 
and cYFP) can be fused to the N-and C-terminal ends of the putative interacting candidate 
proteins (into the Gateway cassette R3R2 or R1R4, respectively), providing a total of four tag 
combinations. The constitutive expression of RFP under the control of the 35S promoter serves 




The approach is based on a single vector backbone that harbors multiple expression 
cassettes, both non-fluorescing YFP peptides as well as a constitutively expressed RFP 
(Figure 3). The N- and the C-terminal half of the YFP (nYFP and cYFP, respectively) 
can be fused to the N- or C-terminal end of the proteins of interest. Due to steric 





differences in interaction signal strength might arise dependent on the protein terminus 
at which the fluorophore halves are fused. Investigating all possible tag orientations for 
AtALMT9- AtALMT9 interaction allowed to determine which composition yields the 
strongest YFP signals (Figure 4). The constructs were transiently transformed into 
tobacco leaves by infiltration and emission of both, YFP and RFP, was monitored. The 
mean grey values of both fluorophores were calculated over a selected area. This 
representative area comprised the fluorescent signal of two adjacent cells. The mean 
fluorescence of YFP over RFP was plotted. As a control we made use of the proteins 
AtCBL1 and AtCIPK23 (YFP/RFP ratio of 2.6 ± 0.7), which have been previously 
demonstrated to exhibit strong interaction (Grefen and Blatt, 2012, Waadt et al., 2008).  
 
Figure 4. AtALMT9 Interaction Detected with Different BiFC Fusion Constructs.  
Determination of YFP/RFP fluorescence signal ratio by confocal microscopy of tobacco 
epidermal leaf cells that overexpress different combinations of two AtALMT9 proteins that are 
tagged at either the N- or the C-terminal end to either half of YFP (nYFP or cYFP). NN, 
describes the constructs in which both, nYFP and cYFP peptides, are fused to the N-terminus 
of each AtALMT9; accordingly, CC represents the C-terminal fusion of nYFP and cYFP to 
each AtALMT9; CN, C-terminal fusion of nYFP and N-terminal fusion of cYFP; NC, N-
terminal fusion of nYFP and C-terminal fusion of cYFP. N-terminal fusion of nYFP to AtCBL1 
and a C-terminal fusion of cYFP to AtCIPK23 (Grefen and Blatt, 2012) served as positive 
control. Data were obtained from five independent transformations events in which n ≥ 5 
representative pictures were acquired and analyzed for each interaction construct. Results are 





Comparing the four different combinations at which the nYFP and cYFP can be fused 
to the two putatively interacting AtALMT9 subunits, we found that fusing the tag to the 
N-terminal end of both AtALMT9 proteins yields the highest interaction signal 
(Figure 4; 1.8 ± 0.5). The reason behind the different signal intensities might be a steric 
hindrance or differential localization of both termini in the other combinations, but 
cannot be concluded with this approach. In the following the interaction of vacuolar 
AtALMTs was investigated with constructs harboring N-terminally fused nYFP and 
cYFP peptides.  
Next, we tested whether AtALMT9 interacts with any other vacuolar AtALMT. Again, 
the quantification was conducted using transiently transformed tobacco leaves (Figure 
5A). Since BiFC is often associated with weak YFP background signal, we used the 
protein combination of AtVAMP711–AtALMT9 as a negative control. AtVAMP711 
(vesicle-associated membrane proteins) is a SNARE protein (Uemura et al., 2005) that 
is not expected to interact with AtALMT9. Indeed, the YFP/RFP ratio in cells 
expressing the AtVAMP711–AtALMT9 was low (0.5 ± 0.1), representing the 
background signal when no specific interaction is expected to occur (Figure 5B). The 
YFP fluorescent signal over the RFP was significantly higher in leaves that expressed 
the AtALMT9-AtALMT9 construct (1.8 ± 0.2), confirming the previously obtained 
results that AtALMT9 forms homomeric channel complexes (Zhang et al., 2013; 
Chapter I). Interestingly, we show that AtALMT9 is also capable of forming hetero-
multimeric complexes. The interaction capacity of AtALMT9 with AtALMT5 and 
AtALMT4 was confirmed by an YFP/RFP ratio of 2.0 ± 0.4 and 2.4 ± 0.2, respectively 
(Figure 5B). Yet, the fluorescent intensity of YFP does not support an interaction of 
AtALMT9 with AtALMT6 channel subunits, since the YFP/RFP ratio of 0.4 ± 0.1 for 
AtALMT9–AtALMT6 does not exceed the background signal of the negative control 
AtVAMP711–AtALMT9. Using this approach, we also showed that all other vacuolar 
AtALMTs are capable of forming homo- and heteromers (data not shown in this thesis). 
The subcellular localization of the interacting AtALMT channels in the vacuolar 
membrane was verified using protoplasts obtained from digested tobacco leaves (Figure 
5C) and transiently transformed Arabidopsis protoplasts that were lysed to visualize the 
tonoplast (Figure 5D). By contrast, it was clearly observed that the soluble RFP was 






Figure 5. AtALMT9 Forms Homo- and Heteromers with other Vacuolar AtALMTs. 
Confocal microscopy to determine the YFP/RFP fluorescent intensity signal ratio for the 
putative interaction of AtALMT9 (9) with AtVAMP711 (VAMP), AtALMT9 (9), AtALMT6 
(6), AtALMT5 (5) and AtALMT4 (4). The position of the protein indicates whether it is fused 
to nYFP (protein named first) or to cYFP (second mentioned protein). All fluorescent peptides 
are fused to the N-terminal end of the respective interaction partner. 
(A) Epidermal tobacco cells from leaves transiently overexpressing the different BiFC 
interaction constructs were used to quantify the intensity ratios shown on (B). Depicted is a 





(Figure legend 5 continued) 
 (B) Quantification of YFP/RFP fluorescence intensity ratios. Data were obtained from five 
independent transformations events in which n ≥ 5 representative pictures were acquired and 
analyzed for each interaction construct. Results are shown as mean ± S.E.M. 
(C) and (D) Transient expression of rBiFC constructs carrying the interaction construct 
AtALMT9-AtALMT9 in tobacco (C) and (D) Arabidopsis protoplast. Vacuoles were released 




Figure 6. Tissue Expression of Clade II AtALMT Members. 
qRT-PCR demonstrating the relative expression of AtALMT clade II members in different 
tissues and organs throughout the Arabidopsis life cycle. The data was normalized to the 






To gain first insights whether this interaction might appear in planta under 
physiological conditions, I investigated the tissue and organ expression of all vacuolar 
AtALMTs by quantitative real-time PCR (qRT-PCR; Figure 6). Plants were grown on 
plates and in sterile cylinders to assess expression during the complete life cycle. 
Although not all of the vacuolar AtALMTs are ubiquitously expressed in each of the 
investigated tissues and organs, e.g. AtALMT5 and AtALMT6 mRNA was not detected 
in roots, all members can be found for instance in rosette leaves, in the stem and in 
reproductive organs (siliques and flowers). Hence, it is shown that clade II AtALMT 
members are highly expressed, and co-exist in various tissues and organs, providing the 




We have shown that all members of the clade II of AtALMT proteins reside at the 
vacuolar membrane. By contrast, members of the other two clades that were 
characterized (AtALMT1, AtALMT12; Hoekenga et al., 2006, Kobayashi et al., 2007, 
Meyer et al., 2010b) have been demonstrated to be plasma membrane-spanning 
proteins. Hence, clade II can be defined as vacuolar subfamily of AtALMTs and shows 
that more closely related proteins of this family share the same intracellular localization. 
Besides the intracellular localization, it has been shown in this chapter that vacuolar 
AtALMTs share similar expression patterns within the plant and throughout the 
Arabidopsis life cycle. More detailed expression analysis will be required to determine 
whether the channels are also expressed in the same cell types, for instance in guard 
cells as AtALMT9 and AtALMT6. For that purpose, I cloned promoter:GUS constructs 
of all vacuolar AtALMTs and selected transgenic reporter lines (described for 
AtALMT9 in Baetz et al., submitted; Chapter III). Investigating these lines will 
enlighten the cell type-specific expression pattern of the vacuolar AtALMT anion 
channels. 
The coinciding expression at the tissue and organ level determined by qRT-PCR raises 
the questions whether these vacuolar AtALMTs might have a redundant or distinct 





functional diversity. Here, we confirm previous results showing that AtALMT9 forms 
homomers (Zhang et al., 2013; Chapter I), and we provide evidence that most vacuolar 
AtALMT channels display the ability to interact when heterologously expressed in a 
plant expression system (tobacco) as well as when expressed in the native expression 
system (Arabidopsis protoplast). Interestingly, AtALMT9 does not seem to be capable 
of interacting with AtALMT6. This result requires confirmation using other 
protein-protein interaction approaches, e.g. by using blocking agents in patch-clamp 
analysis (see below). In case AtALMT6 is the only investigated vacuolar AtALMT that 
does not form multimeric channel complexes with AtALMT9, further bioinformatic 
analysis and site-directed mutagenesis might enlighten interaction sites and/or amino 
acid residues that are crucial for multimerization.  
Although having several benefits over traditional BiFC approaches, due to the 
overexpression of the interaction partners, rBiFC only provides evidence that the 
channel subunits have the potential to interact. Whether this capacity of 
heteromerization is used in planta, and whether the interactions allow building 
functional channels and have a physiological relevance, remains to be determined. To 
validate and evaluate the interactions, we have identified AtALMT channel blocking 
agents as tools to study multimeric channel functionality (Zhang et al., 2013, Zhang et 
al., 2014; Chapter I). In a previous study, it was shown that free ATP blocks AtALMT9 
channels (Zhang et al., 2014). Further characterization of this block identified that 
AtALMT5 currents are similarly blocked by free ATP, while AtALMT4 currents are 
insensitive to the blocking agent (Eisenach et al., unpublished). The differences in ATP 
block sensitivity were used as a tool to investigate the functionality of 
AtALMT5-AtALMT4 protein interaction. When both channels were co-expressed, a 
shift in the dissociation constant of free ATP (KdATP) by nearly one order of magnitude 
was observed compared to the KdATP when the channels were expressed individually. 
Hence, these results performed by Dr. Cornelia Eisenach confirm that AtALMT5 and 
AtALMT4 subunits can form functional channels.   
Several plant transporters and channels have been found to assemble as homo- and 
heterooligomers (Ludewig et al., 2003, Reinders et al., 2002, Xuan et al., 2013, Obrdlik 





channels in plants demonstrated that channel heteromerization increases the functional 
diversity of transport systems by influencing the intracellular localization, 
electrophysiological properties, channel activity and regulation (Bregante et al., 2008, 
Duby et al., 2008, Brüggemann et al., 1999, Ivashikina et al., 2005, Reintanz et al., 
2002, Xicluna et al., 2007, Lebaudy et al., 2010). To determine the physiological 
relevance of AtALMT heteromerization and the putative impact on channel properties 
several approaches can be applied in future research. First, expressing tandem channels 
linked to each other is a widely used method to study the electrophysiological effects 
of different subunit combinations on channel properties (e.g. Lebaudy et al., 2010). 
However, steric hindrance and inappropriate protein folding might tamper with channel 
expression and activity. A more valuable tool to study electrophysiological channel 
properties by patch-clamping is the utilization of the rBiFC constructs. The 
electrophysiological analysis of vacuoles that exhibit an YFP signal might uncover 
whether heteromerization impacts channel functionality, or for instance also substrate 
specificity. However, in parallel the characteristics of the homomeric channels 
AtALMT3, AtALMT4 and AtALMT5 must be studied. Secondly, physiological 
approaches can be used to understand the relevance of vacuolar anion channel 
heteromerization. For instance, several vacuolar AtALMTs exhibit (partially opposite) 
stomatal opening phenotypes (De Angeli et al., 2013b, Eisenach et al., unpublished). 
The analysis of double knock-out mutants (generated by Dr. Cornelia Eisenach) or an 
RNAi line that targets all vacuolar AtALMTs for multiple downregulation (generated 
by Ulrike Baetz and described in Baetz et al., submitted; Chapter III) will contribute to 
the understanding of the role of multiple AtALMT anion channels and their interaction 
and physiological connection in the vacuolar membrane. 
 
3.4. Material and Methods 
 
Construct Design and Plant Transformation 
For subcellular localization, complementary DNA (cDNA) of AtALMT3, AtALMT4 
and AtALMT5 was cloned into pART7 and subsequently sub-cloned into pART27 by 





C-terminal end of AtALMT4 and AtALMT3. 2in1 BiFC constructs were cloned 
according to Grefen and Blatt, 2012. The construct that served as positive control 
(nYFP-AtCBL1 - AtCIPK23-cYFP) was kindly provided by Christopher Grefen. 
Agrobacterium tumefaciens (GV3101) was transformed with these constructs using 
electroporation. The A. tumefaciens-mediated inﬁltration of four-weeks-old tobacco 
(Nicotiana benthamiana) leaves was performed as described previously with slight 
modiﬁcations (Yang et al., 2001). After transient transformation, tobacco plants were 
grown in the greenhouse (16 h light/ 8 h darkness, 25°C/ 23°C, 100 to 
200 μmol photons m−2 s−1, 60% relative humidity) for another 4 to 6 d and then used to 
isolate protoplasts for subcellular localization and patch-clamping, or for YFP/RFP 
ratio determination in epidermal cells.   
Tobacco protoplasts for confocal microscopy and patch-clamping were obtained by 
enzymatic digestion as described previously (Zhang et al., 2013; Chapter I). The 
enzyme solution contained 0.3 % (w/v) cellulase R-10, 0.03 % (w/v) pectolyase Y-23, 
1 mM CaCl2, 500 mM sorbitol, and 10 mM MES, pH 5.3, 550 mosmol. Vacuoles were 
isolated by osmotic shock. Arabidopsis protoplasts were transiently transformed with a 
PEG-based method as described elsewhere (Yoo et al., 2007). Plasmid DNA used for 
Arabidopsis protoplast transformation was extracted using the ‘Nucleic acid and protein 
purification kit’ (Macherey-Nagel, Oensingen) following manufacturer’s instructions. 
 
Patch-Clamp Analysis 
Membrane currents from tonoplast patches were recorded with the patch-clamp 
technique as described before (Zhang et al., 2013; Chapter I). Currents were evoked 
with voltage pulses ranging from +60 mV to -120 mV for 3 sec with a holding potential 
of +60 mV. Currents were recorded in the excised cytosolic-side-out configuration in 
symmetric malate conditions (cytosolic and vacuolar solution contained 100 mM 
malate, as described in [Zhang et al., 2013; Chapter I]). Liquid junction potentials were 








Confocal Laser Scanning Microscopy 
Confocal microscopy was conducted using a Leica SP5 laser scanning microscope 
(www.leica-microsystems.com) that was equipped with a 63x glycerol objective. For 
intracellular localization of vacuolar AtALMT proteins GFP ﬂuorescence signal was 
imaged at an excitation wavelength of 488 nm, and the emission was detected between 
500 and 530 nm for GFP, and 600 – 650 nm for chlorophyll. 
Fluorescence intensity ratios of YFP and RFP and subcellular localization for rBiFC 
were determined as described in Grefen and Blatt (2012). In brief, the excitation 
wavelength and emission was set to 514 nm/ 521-553 nm for YFP, and 561 nm/ 
580-615 nm for RFP. Laser intensities were kept equal for all pictures and 
quantifications. Data were obtained from five independent infiltration events in which 
n ≥ 5 pictures were acquired and analyzed. The appropriate Leica confocal software 
(LAS AF LITE) has been used for image acquisition and ratio analysis. The mean grey 
values of both, YFP and RFP, were calculated over a selected area for each picture. 
This representative area contained the fluorescent signal of two adjacent cells.  
 
Quantitative Real-Time PCR 
For the expression of AtALMTs, Arabidopsis Col-0 plants were grown in a growth 
chamber with the following conditions: 21 °C, 16 h light /8 h dark. For determination 
of transcript abundance in various tissues and organs plants were grown on plates (for 
AtALMT mRNA level determination in seedlings) and in sterile cylinders (for mRNA 
level determination of all other tissue) that contained ½ MS (Murashige and Skoog), 
pH5.6, and 1% phytoagar. Seedlings were 7 days old when harvested. All other tissue 
expression levels were determined in 7-week-old plants. In addition, dry seeds were 
used for analysis of AtALMT transcript abundance. Two biological replicates were 
performed, in each of which material of five plants was pooled. 
Total RNA was extracted from up to 150 mg of the tissue by using the SV Total RNA 
Isolation System (Promega) following manufacturer’s instructions. 1µg total RNA was 
reverse transcribed using M-MLV reverse transcriptase (Promega) and oligo (dT) 
priming. Transcript levels were determined by quantitative real-time PCR (qRT-PCR) 
using the 7500 Fast Real-Time PCR System (Applied Biosystems) with the 7500 





cDNA (diluted 1:10), 0.5 µM gene-speciﬁc primers and 7.5 µL SYBR Green PCR 
Master Mix (Applied Biosystems). Reaction conditions for the thermal cycling were as 
follows: after enzyme activation at 95 °C for 10 min, ampliﬁcation was carried out in a 
two-step PCR procedure with 40 cycles of 15 s at 95 °C for denaturation and 1 min at 
60C for annealing/extension. Dissociation curves were analyzed to verify the speciﬁcity 
of each ampliﬁcation reaction; it was obtained by heating the amplicon from 60 to 
95 °C. Transcript levels were calculated using the standard curve method as described 
by Pfaffl (2001) and were normalized against the AtActin2 (At3g18780.2) gene 
expression. The primers that were used are the following: AtActin2 For 
5’TGGAATCCACGAGACAACCTA3’, Rev 5’TTCTGTGAACGATTCCTGGAC3’; AtALMT9 For 
5’ACCTAATCCGGATCTTAGTCGATACT3’, Rev 5’TCACCGAATAAAGTGGAAAGCTCAG3’; AtALMT6 For 
5’CCGTTGCATGATGCTAGTAAATAC3’, Rev 5’TGATGATGGTTTGCTCGAAA3’; AtALMT5 For 
5’GAGCCGCTTCAAGATGCTAGTA3’, Rev 5’ATGACTTCTTCAAACTCTCCTGCT3’; AtALMT4 For 
5’TGACGCTAGCAAGTATGCTGTT3’, Rev 5’CTTCAAATTCTCCAGCTGAAACAGA3’; AtALMT3 For 
5’GGCTTATCCTACAGAGCAGAGGCT3’, Rev 5’TCAGAGCCAAACCCATCTTC3’. All reactions were 
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The ability to control the cytoplasmic environment is a prerequisite for plants to cope 
with changing environmental conditions. During salt stress, for instance, Na+ and Cl- 
are sequestered into the vacuole to help maintain cytosolic ion homeostasis and avoid 
cellular damage. Vacuolar ion uptake is tied to fluxes across the plasma membrane. The 
co-ordination of both transport processes and relative contribution to plant adaptation, 
however, is still poorly understood. To investigate the link between vacuolar anion 
uptake and whole-plant ion distribution during salinity we used mutants of the only 
vacuolar Cl⁻ channel described to date: ALMT9. After 24 h salt treatment, almt9 knock-
out mutants had reduced shoot accumulation of both, Cl⁻ and Na⁺. In contrast, almt9 
plants complemented with a mutant variant of ALMT9 that exhibits enhanced channel 
activity showed higher Cl⁻ and Na⁺ accumulation. The altered shoot ion contents were 
not based on differences in transpiration, pointing to a vacuolar function in regulating 
xylem loading during salinity. In line with this finding, GUS staining demonstrated that 
ALMT9 is highly expressed in the vasculature of shoots and roots. RNA-seq analysis 
of almt9 mutants under salinity revealed specific expression profiles of transporters 
involved in long-distance ion translocation. Together, our study uncovers that the 
capacity of vacuolar Cl⁻ loading in vascular cells plays a crucial role in controlling 












Solute fluxes across the vacuolar membrane are at the center of plant performance and 
survival in fluctuating environmental conditions. The large central vacuole serves as a 
storage reservoir that accumulates and releases ions as well as metabolites according to 
demands. The physical and functional plasticity of the vacuole enables plants to use 
energy and nutrients efficiently and maintain optimal physiological conditions in the 
cytosol. Vacuolar storage capacity regulates intracellular ion homeostasis, but 
influences also whole-plant ion accumulation and distribution. For example, nhx1 nhx2 
mutant plants lack two major Na⁺, K⁺/H⁺ antiporters at the tonoplast and show lower 
tissue K⁺ accumulation (Barragán et al., 2012). Similarly, Arabidopsis (Arabidopsis 
thaliana) mutants deficient in the vacuolar NO₃⁻/H⁺ exchanger CLCa (De Angeli et al., 
2006) have diminished nitrate (NO₃⁻) contents in shoots and roots (Geelen et al., 2000, 
Monachello et al., 2009). Manipulating ion fluxes through the application of high ionic 
concentrations (for instance NaCl stress) can reveal the functional role of the vacuole 
in the co-ordination of ion movement at the whole plant-level. 
Salinity has a negative impact on plant development, and this is based on an osmotic 
and an ion toxicity effect (reviewed in Teakle and Tyerman, 2010, Munns and Tester, 
2008). Although salt stress responses and adaptation mechanisms were investigated 
with a focus on Na⁺ toxicity and accumulation (Craig Plett and Møller, 2010), Cl⁻ ions 
similarly interfere with metabolic processes in particular in photosynthetic tissue 
(Tavakkoli et al., 2010, Tavakkoli et al., 2011, Geilfus et al., 2015, Genc et al., 2015). 
To mitigate the damaging effects of salinity the movement of toxic ions across cellular 
membranes is tightly regulated. At the whole-plant level, plants restrict shoot ion 
accumulation by controlling net ion uptake and xylem loading (Britto et al., 2004, 
Møller and Tester, 2007, Brumós et al., 2010, Craig Plett and Møller, 2010, Teakle and 
Tyerman, 2010). However, recirculation of ions to the roots via the phloem does not 
significantly contribute to the reduction of Na⁺ and Cl⁻ levels in leaf tissue (Munns, 
2002, Davenport et al., 2007). The ability of shoot ion exclusion is limited. Therefore, 
plants allocate toxic ions to specific cells or sites within the shoots to adapt to salinity. 




Plett and Møller, 2010), in the leaf margins (Shapira et al., 2009), and in epidermal cells 
(Huang and Van Steveninck, 1989, Karley et al., 2000a, Karley et al., 2000b, James et 
al., 2006) to protect photosynthetically active cells. Consequently, the controlled 
loading of Na⁺ and Cl⁻ into xylem vessels of the vasculature system in roots and shoots 
majorly determines long-distance ion movement such as root-to-shoot translocation and 
distribution within the shoots during salinity. Despite the knowledge of these 
physiological adaptation strategies to salt stress, the core molecular machinery 
underlying the regulation of ion uptake, xylem loading and partitioning is only slowly 
being identified.  
At the cellular level, plants are capable of sequestering toxic ions into the vacuoles of 
shoots to minimize harm once ions have accumulated to high concentrations during salt 
stress (James et al., 2006, Munns and Tester, 2008). Several transport proteins localized 
at the tonoplast have been suggested to facilitate intracellular ion partitioning and 
thereby regulate cellular ion homeostasis (Martinoia et al., 2007, Martinoia et al., 2012). 
However, only few transporters involved in vacuolar uptake of toxic ions during salinity 
have been studied. The two vacuolar cation/H⁺ antiporters NHX1 and NHX2 contribute 
to  salinity tolerance in several plant species (Munns and Tester, 2008, and references 
therein). Subsequently, a role of these NHXs in vacuolar Na⁺ sequestration has been 
challenged by findings suggesting their cellular function in K⁺ compartmentation (Leidi 
et al., 2010, Jiang et al., 2010). With respect to intracellular Cl⁻ uptake two members 
of the channel and transporter protein family CLC (ChLoride Channel), CLCc and 
CLCg, have been shown to be involved in salinity tolerance (Jossier et al., 2010, 
Nguyen et al., 2015). Besides the importance of fluxes across the tonoplast, transport 
proteins localized to other endomembranes such as the trans-Golgi network have been 
implicated in salinity adaptation mechanisms (Krebs et al., 2010, Bassil et al., 2011, 
Henderson et al., 2015). Yet, the limited knowledge about salt stress-related 
endomembrane transporters and their functional roles - especially with regards to Cl- 
sequestration - restricts our understanding of the contribution of intracellular ion 
homeostasis to long-distance ion fluxes and salinity adaptation mechanisms. 
The ALMT (Aluminum-activated Malate Transporter) protein family is unique to 
plants and encodes channels able to mediate anion fluxes across cellular membranes 




channels were shown to be localized at the tonoplast and mediate anion fluxes directed 
to the vacuolar lumen (Kovermann et al., 2007, Meyer et al., 2011, De Angeli et al., 
2013). One of them, ALMT6,  transports malate (MA2⁻) into guard cell vacuoles in a 
Ca2+- and pH-dependent manner (Meyer et al., 2011). ALMT9, a channel shown to be 
expressed in mesophyll and guard cells, is permeable for both, MA2⁻and Cl-, whereby 
its physiological function is linked to the Cl⁻ conductivity (Kovermann et al., 2007, De 
Angeli et al., 2013). ALMT9-mediated Cl⁻ currents across the tonoplast are activated 
by physiological concentrations of cytosolic MA2⁻, and mesophyll vacuoles of almt9 
knock-out mutants lacking the vacuolar channel exhibit lower overall Cl⁻ currents (De 
Angeli et al., 2013). Moreover, almt9 plants have reduced Cl⁻ uptake into vacuoles of 
guard cells resulting in impaired light-dependent stomatal opening and reduced wilting 
during drought stress.  
In the current study, we aimed at uncovering the consequences of impaired intracellular 
Cl⁻ fluxes across the tonoplast on whole-plant ion transport during salinity. To address 
this issue we used knock-out mutants of the only genuine vacuolar Cl⁻ channel 
described so far, ALMT9. We found that almt9 plants show a reduced shoot 
accumulation of Cl⁻ as well as Na⁺ after 24 h salinity, whereas mutants with enhanced 
ALMT9-mediated Cl⁻ currents possessed increased ion accumulation. Using 
transcriptome approaches we demonstrate that genes encoding plasma membrane-
localized transport proteins that contribute to long-distance ion transport exhibit an 
altered transcriptional response in almt9 during salt stress. In line with this, we show 
that ALMT9 is highly expressed in the vasculature of shoots and roots. Collectively, 
the data suggest that vacuolar ion uptake is not only crucial to confer cellular tolerance 
during long-term salinity, but also to modulate shoot ion accumulation and whole-plant 












ALMT9 is Expressed in the Vasculature and is Up-Regulated upon NaCl 
Application. 
Gene regulation at the transcriptional level is commonly observed upon salt (NaCl) 
stress in plants (Tester and Davenport, 2003). To investigate whether ALMT9 is 
involved in intracellular Cl⁻ transport during salinity we examined its expression levels 
by quantitative real-time PCR (qRT-PCR) in shoots and roots of Arabidopsis wild-type 
plants grown in a hydroponic system in response to 100 mM NaCl for up to 48 h. The 
up-regulation of expression of the salt stress-inducible gene SOS1 (Shi et al., 2000, Shi 
et al., 2002) verified that plants experience salinity stress in our experimental conditions 
in shoots and roots at the molecular level (Figure 1A). We found that ALMT9 was 
transcriptionally up-regulated in response to NaCl application in both tissues after 6 h 
(Figure 1B). Over 48 h of NaCl treatment, shoot expression of ALMT9 showed a 3-fold 
increase when compared to the expression level prior to stress; in roots, the transcription 
increased 4.2 times. To discriminate whether the stimulation of ALMT9 transcription is 
specific to NaCl or depends on a general osmotic effect, we applied 100 mM KCl and 
200 mM sorbitol to the plants. Both treatments stimulated the expression of ALMT9 in 
shoots (2-fold and 3.5-fold increase after 48 h, respectively), whereas no transcriptional 
response was detectable in root tissue (Figure 1C and 1D). These findings show that the 
transcriptional up-regulation of ALMT9 in roots is specific to the ionic stress of salinity.  
Subsequently, we used transgenic plants carrying the β-glucuronidase (GUS) reporter 
gene under the control of the ALMT9 promoter region (ALMT9pro:GUS) to investigate 
ALMT9 expression pattern and tissue-specificity during transcriptional up-regulation in 
response to salinity. As previously shown, ALMT9 was expressed in leaf mesophyll and 
guard cells (Figure 1E and 1G; Kovermann et al., 2007, De Angeli et al., 2013). The 
mesophyll expression was predominantly detected in mature leaves. In contrast, GUS 
staining was found in the vasculature throughout all developmental stages of the leaf 
(Figure 1E and 1F). ALMT9 promoter-driven GUS expression could also be detected in 
the stele of roots (Figure 1H). A transverse section allowed to locate ALMT9 expression 
in vascular and pericycle cells, as well as weakly in the endodermis (Fig. 1J). However, 




Figure 1. ALMT9 is Expressed in the Vasculature and is Regulated by Salinity. 
(A) to (D) qRT-PCR analysis of SOS1 (A) and ALMT9 ([B] to [D]) expression in wild-type 
shoots and roots after the application of 100 mM NaCl ([A] and [B]), 100 mM KCl (C) and 200 
mM sorbitol (D) to the hydroponic solution for 0 h, 6 h, 24 h and 48 h. The data was normalized 
to expression levels in shoots prior to treatment (0 h). ACT2 served as a reference gene. Data 
are means ± SD of n = 3 biological replicates. 
(E) to (J) ALMT9 expression pattern revealed by histochemical localization of GUS activity 
directed by the ALMT9 promoter. 
(E) In the 3rd rosette leaf expression was found in mesophyll cells and the vasculature. 
(F) In the 6th rosette leaf expression was detected in the vasculature. 
(G) GUS activity was detected in guard cells. 
(H) In roots expression was found in stelar cells. 
(I) In response to 100 mM NaCl for 24 h GUS activity was enhanced but remained restricted 
to the root stele. 
(J) In cross sections of roots no expression was detected in cortex cells (c), but in the 
endodermis (e), the pericycle (p) and the vasculature (v). 




As observed in the qRT-PCR (Figure 1B), NaCl treatment enhanced the intensity of the 
GUS staining (Figure 1I), corresponding to a transcriptional up-regulation of ALMT9. 
Nevertheless, the tissue-specific expression pattern did not change upon salt exposure. 
 
The almt9 Mutants Have Reduced Shoot Na⁺ and Cl⁻ Accumulation during Early 
Salinity. 
To assess whether the transcriptional up-regulation of ALMT9 in response to NaCl is 
associated with a physiological role of ALMT9 during salinity, we conducted ion 
content measurements in shoots and roots of wild-type and two independent almt9 
knock-out mutant lines (De Angeli et al., 2013). As before, a hydroponic system was 
used, and roots were exposed to control conditions or salt stress (100 mM NaCl), 
respectively, for 24 h. Under control conditions, hardly any difference in Na⁺ and Cl⁻ 
contents were detected between almt9 mutants and wild-types (Figure 2A and 2B; 
Supplemental Table 1). However, upon 24 h salt stress, Cl⁻ accumulation was 
significantly lower in shoots of almt9 plants compared to the corresponding wild-types 
(26 ± 4 % in almt9-1 and 16 ± 3 % in almt9-2). Interestingly, Na⁺ contents in shoots of 
almt9 mutants were similarly reduced upon salinity treatment (20 ± 6 % in almt9-1 and 
23 ± 10 % in almt9-2), but root ion content was not significantly altered (Figure 2A and 
2B; Supplemental Table 1). When plants were treated with 100 mM NaCl for one week 
differences were no longer significant between wild-type and almt9 mutants 
(Supplemental Figure 1). Taken together, these results show that almt9 knock-out 
mutants exhibit - besides the reduction in intracellular Cl⁻ fluxes (De Angeli et al., 
2013) - also an altered capacity to accumulate Na⁺ and Cl⁻ in shoots during early 
salinity. 
In the following, we elucidated whether reduced Na⁺ and Cl⁻ levels in almt9 mutants 
during salinity are accompanied by alterations in the accumulation of other ion species. 
K⁺ (Figure 2C, Supplemental Table 1), Mg2+ (Supplemental Figure 2A), NO₃⁻ (Figure 
2D, Supplemental Table 1), and MA2⁻ (Supplemental Figure 2B) contents showed no 
significant differences between both genotypes under control and salinity conditions. 
Also the osmolality of the shoot press sap was indistinguishable between almt9 and 




contents in the shoots of almt9 mutants, these plant accumulate other solutes that 
maintain a shoot sap osmolality comparable to that of the wild-type. 
ALMT9 has high sequence similarities with several clade II members of the ALMT 
family (Kovermann et al., 2007). To exclude functional redundancy, we generated a 
transgenic hairpin-RNA-expressing line in the genetic background of almt9-1 that 
simultaneously targets other ALMTs (clade II) for transcriptional down-regulation 
(Supplemental Figure 3A).  
 
Figure 2. almt9 Mutants Have Reduced Shoot Na⁺ and Cl⁻ Contents after 24 h Salt Stress. 
Ion content analysis in shoots and roots of the two knock-out alleles almt9-1 and almt9-2 and 
the corresponding wild-types (wt-1 and wt-2). Plants were grown in hydroponics and Na⁺ (A), 
Cl⁻ (B), K⁺ (C) and NO₃⁻ (D) contents were determined prior to (0 mM) and after 24 h NaCl 
treatment (100 mM). Data are means ± SD of n ≥ 5 biological replicates derived from two 
independent experiments. One-way ANOVA of each tissue and treatment and a pair-wise 
comparison was used for statistical analysis. Asterisks indicate signiﬁcant differences from the 




Shoots of this line did not show further reduction in Na⁺ or Cl⁻ accumulation than 
almt9-1 (Supplemental Figure 3B and 3C), indicating that other closely related ALMT 
members do not contribute notably to the modulation of Na⁺ and Cl⁻ shoot 
accumulation upon 24 h salt stress. 
 
ALMT9-Mediated Vacuolar Cl⁻ Currents Contribute to the Regulation of Whole-
Plant Ion Accumulation. 
Our data show that almt9 mutants with reduced vacuolar Cl⁻ currents (De Angeli et al., 
2013) accumulate less Na⁺ and Cl⁻ during salinity (Figure 2). Hence, we wondered 
whether enhancing vacuolar Cl⁻ currents would reverse or complement this effect on 
whole-plant ion accumulation. When modifying ion fluxes during salinity by transgenic 
approaches, it is fundamental to maintain cell type-specificity of these transport 
processes (Møller et al., 2009). Therefore, instead of using ectopic overexpression of 
ALMT9, we aimed at identifying a mutated channel variant that exhibits increased Cl⁻ 
current activity. For this purpose, we took advantage of a collection of point-mutated 
ALMT9 channels that was previously generated (Zhang et al., 2013). We found that the 
amino acid exchange E196A induced the desired alterations in ALMT9 channel 
properties, but did not change the channel localization at the tonoplast (Figure 3A). It 
has been shown by patch-clamping that the mutation E196A does not affect the MA2⁻ 
conductivity of ALMT9 (Zhang et al., 2013). Here, we additionally examined the Cl⁻ 
conductivity (Figure 3B) and found that both, ALMT9 and ALMT9E196A, displayed Cl⁻ 
currents and a marked inward rectification (Figure 3C). However, sequential cytosolic-
side buffer exchanges (Figure 3B) revealed that the ratio of Cl⁻ to MA2⁻ currents (ICl⁻/ 
IMA2⁻) differed between both channel variants (Figure 3D). The Cl⁻ current amplitude 
was 5 ± 2 % of the MA2⁻ current amplitude in ALMT9 and 18 ± 4 % in ALMT9E196A 
(Figure 3D). This shows that ALMT9E196A is approximately three times more 
permeable for chloride than ALMT9. In addition, by determining ICl⁻ + MA2⁻/ ICl⁻ we 
found that ALMT9 and ALMT9E196A were differently activated by cytosolic MA ⁻ 
(Figure 3C). ALMT9 showed a 6 ± 1 fold increase of Cl⁻ conductivity in presence of 1 






Figure 3. The Mutant Channel ALMT9E196A Exhibits Constitutively Higher Vacuolar Cl⁻ 
Currents. 
(A) Fluorescence and transmission images of vacuoles released from lysed tobacco protoplasts 
that transiently overexpress ALMT9-GFP (left panel) and ALMT9E196A-GFP (right panel). 
Auto-fluorescence of chloroplasts is shown in magenta. Scale bars = 20 µm. 
(B) Patch-clamp experimental procedure. Vacuoles were patched in excised, cytosolic-side-out 
configuration under symmetric ionic conditions (100 mM Cl⁻vac/ 100 mM Cl⁻cyt). The cytosolic 
buffer was sequentially exchanged (100 mM Cl⁻; 100 mM Cl⁻ + 1 mM MA2⁻; 100 mM MA2⁻) 




(Figure legend 3 continued)  
(C) Representative currents of ALMT9 (left panel) and ALMT9E196A (right panel) in presence 
of 100 mM Cl⁻ (Cl⁻) and 100 mM Cl⁻ + 1 mM MA2⁻ (Cl⁻ + MA2⁻) in the cytosolic buffers. 
Currents were evoked by a 2.5 s voltage ramp ranging from +40 mV to -100 mV. 
(D) Relative Cl⁻ and Cl⁻ + MA2⁻ currents mediated by ALMT9 and ALMT9E196A. Currents 
were normalized to the current amplitude measured at -100 mV in presence of 100 mM MA2⁻ 
in the cytosolic solution. 
(E) Level of MA ⁻-activation (ICl⁻ + MA2⁻/ ICl⁻) of ALMT9- and ALMT9E196A- mediated Cl⁻ 
currents at -100 mV.  
Data are means ± SD. Asterisks indicate statistically signiﬁcant differences between ALMT9 




However, the ratio ICl⁻ + MA2⁻/ IMA2⁻ that was 0.32 ± 0.1 and 0.34 ± 0.06 in ALMT9 and 
ALMT9E196A, respectively, was not significantly altered between both cannel variants 
(Figure 3D). These data demonstrate that the mutation E196A impacts the basal activity 
of ALMT9 by increasing Cl⁻ currents across the tonoplast constitutively. 
The electrophysiological measurements identified ALMT9E196A as a suitable tool to 
modify Cl⁻ fluxes across the tonoplast. To test the physiological consequences of higher 
vacuolar Cl⁻ currents, we expressed the mutant channel under the spatial and temporal 
control of the ALMT9 promoter (ALMT9pro:ALMT9E196A) in almt9-2; hereafter, this 
point-mutated complementation line is referred to as E196A. Determining the ion 
content in shoots revealed that E196A had slightly higher Na⁺ and Cl⁻ concentrations 
than wild-type-2 and almt9-2 under control conditions (Figure 4A and 4B). In addition, 
the reduced shoot ion accumulation phenotype of almt9-2 was recovered in E196A 
under salt treatment. In roots we found that 24 h salinity treatment induced a 
significantly higher ion accumulation in E196A (1.3 times more Cl⁻ and 1.7 times more 
Na⁺) compared to wild-type-2 (Figure 4A and 4B). To exclude the possibility that 
differences in ion accumulation occur due to elevated ALMT9 expression, we analyzed 
the transcript amounts by qRT-PCR. ALMT9 expression in E196A and wild-type-2 did 
not differ significantly excluding a transcriptional effect on the measured ion 




of ALMT9-mediated vacuolar Cl⁻ uptake alters ion accumulation at the whole-plant 
level. 
 
Figure 4. Enhanced Vacuolar Cl⁻ Currents Affect Shoot and Root Ion Contents. 
(A) and (B) Ion contents were analyzed in hydroponically grown plants of wild-type-2 (wt-2), 
almt9-2 and the complemented line E196A that expresses the point-mutated channel variant 
ALMT9E196A. Na⁺ (A) and Cl⁻ (B) measurements were performed in shoot and root tissue upon 
treatment with control (0 mM) or NaCl (100 mM) solutions for 24 h. The results are shown as 
mean ± SD of n ≥ 5 biological replicates derived from two independent experiments. For 
statistical analysis, one-way ANOVA of each tissue and treatment and a Tukey-Kramer 




(Figure legend 4 continued)  
differences in ion content (P < 0.05) under control conditions, capital letters under salinity. DW, 
dry weight. 
(C) Expression analysis of ALMT9 in wt-2 and E196A using qRT-PCR. ACT2 served as a 
reference gene. The expression levels were normalized to wt-2. Data are means ± SD from 
n = 2 biological replicates. 
 
 
Lower Shoot Ion Accumulation in almt9 is not Caused by Impaired Stomatal 
Opening.  
Transpiration rates highly impact root-to-shoot translocation of ions. In a previous 
study, almt9 has been shown to display impaired light-dependent stomatal opening due 
to reduced Cl⁻ fluxes into the vacuoles of guard cells (De Angeli et al., 2013). 
Therefore, we investigated whether decreased leaf transpiration in almt9 might be 
responsible for the observed reduction in shoot ion translocation under salt stress. 
Previously, stomatal apertures of almt9 had been analyzed on peeled epidermal strips 
(De Angeli et al., 2013). In the present study we performed in situ stomatal assays using 
hydroponically grown plants (see Methods) that provide a snapshot of the native 
stomatal aperture over a time course of NaCl treatment. Indeed, using this method in 
blind assays the previously reported reduced stomatal aperture of almt9 mutant plants 
(De Angeli et al., 2013) was reproduced  (Figure 5A). Salinity treatment induced 
stomatal closure in wild-type-1 and almt9-1 after 3 h (Supplemental Figure 4A). Upon 
24 h salt stress we observed a recovery of the stomatal aperture, which is in accordance 
with the observation that Na⁺ can be used as osmotically active solute for stomatal 
opening (Yu and Assmann, 2015, Zhao et al., 2011). Interestingly, the reduced stomatal 
opening in almt9 plants was restored upon salinity (Figure 5A). Similarly, when we 
conducted the same assay using 100 mM KCl we found no significant difference 
between the stomatal aperture of wild-type-1 and almt9-1 (Supplemental Figure 4B), 
suggesting that this complementation was based on the increased presence of osmotica. 
This indicated that reduced almt9 stomatal apertures and transpiration were not 





Figure 5. Impaired Stomatal Opening of almt9 does not Account for Differences in Shoot Ion 
Accumulation. 
(A) In situ assay of native stomatal apertures (see Methods) using hydroponically grown plants 
of the almt9-1 and almt9-2 mutant alleles and the corresponding wild-types (wt-1 and wt-2). 
Roots were exposed to control (0 mM) or NaCl (100 mM) solutions, and the stomatal aperture 
was measured before (0 h) and after (24 h) treatment. Error bars correspond to SEM which was 
calculated from averages of at least four biological replicates. Asterisks indicate statistically 
signiﬁcant differences in stomatal aperture from the corresponding wt (*P < 0.05, **P < 0.01, 
***P < 0.01; two-tailed Student’s t-test). 
(B) In situ assay of native stomatal apertures of wt-2, almt9-2 and the complemented line 
GC:ALMT9 that guard cell-specifically expresses ALMT9 in control conditions. Error bars 
correspond to SEM which was calculated from n ≥ 4 biological replicates.  
(C) and (D) Contents of Na⁺ (C) and Cl⁻ (D) were measured in shoots and roots of 
hydroponically grown wt-2, almt9-2 and GC:ALMT9 plants after 24 h treatment with control 
(0 mM) or NaCl (100 mM) solutions. The combined results from two independent experiments 
are shown as mean ± SD (n ≥ 5). For statistical analysis in (B) to (D), one-way ANOVA and a 




(Figure legend 5 continued) 
in ion content (P < 0.05) within each tissue (lower case in control conditions; capital letters 
under NaCl stress). DW, dry weight. 
 
 
To gain definite evidence that the stomatal conductance of almt9 does not contribute to 
lower ion accumulation, we generated an ALMT9 complementation line under the 
control of the guard cell-specific MYB60 (Cominelli et al., 2005) promoter 
(MYB60pro:ALMT9) in the genetic background of almt9-2, referred to as GC:ALMT9 
(Supplemental Figure 5).  
The reduced light-dependent stomatal opening of almt9-2 was rescued in GC:ALMT9 
(Figure 5B). However, GC:ALMT9 did not complement the ion accumulation 
phenotype of almt9 mutants (Figure 5C and 5D). This result demonstrates that impaired 
stomatal opening and transpiration of almt9 does not account for differences in shoot 
ion accumulation during early salinity. 
 
Disturbed Intracellular Cl⁻ Fluxes Induce a Specific Expression Pattern under 
Salinity.  
In order to unravel the physiological basis of the detected differences in ion 
accumulation and elucidate the role of vacuolar ion uptake during salinity, we 
conducted a transcript profile analysis by RNA-seq using wild-type-1 and almt9-1 
shoots and roots under non-saline and saline conditions (0 mM or 100 mM NaCl for 24 
h). Data of three biological replicates were analyzed as described in the Methods 
section. To identify genes with significant differences in expression between wild-type-
1 and almt9-1, we used a fold change cut-off level of 2 (log₂ ratio ≥ ± 1, P < 0.01). A 
total of 352 genes showed a twofold or greater difference in expression in shoots and 
52 genes in roots under control conditions, and 144 in shoots and 53 in roots under 
salinity (Figure 6A; Supplemental Data Set 1 to 4). 
Strikingly, under non-saline conditions numerous genes that are suggested to be stress-
inducible and/or involved in ABA-mediated signaling, such as the PP2C-type protein 
phosphatases AIP1 (Lim et al., 2012) and ABI2 ( Merlot et al., 2001, Rubio et al., 2009), 




several genes encoding ATP-Binding Cassette (ABC)- transport proteins and genes that 
belong to the NRT (Nitrate Transporter) family (NRT1.8 (Li et al., 2010) in shoots  and 
NRT2.4 (Kiba et al., 2012) in roots) exhibited changes in expression levels 
(Supplemental Data Set 1 and 2). The transcriptional modification of stress- and 
transport-related genes indicate that the reduced vacuolar Cl⁻ fluxes in almt9 mutants 
impact plants at the molecular and physiological level. 
We identified only 26 genes in shoots and 10 genes in roots with a significant difference 
in the expression level under both, control and salinity conditions (Figure 6A). Hence, 
salt stress evokes distinct changes between the transcriptomes of wild-type-1 plants and 
almt9-1 mutants. 
Subsequently, we closely analyzed the subset of genes with a significant up- or down-
regulation in almt9-1 exclusively under salt stress (Figure 6B; Supplemental Table 2 
and 3; for selection criteria see Method section). We identified 54 genes that were up-
regulated in almt9-1 shoots and 16 genes that were down-regulated; 13 genes that were 
up-regulated in almt9-1 roots and 18 genes that were down-regulated. Several of these 
genes have functions associated with salt stress (Supplemental Figure 6; Supplemental 
Table 2 and 3), such as stress signal transduction, e.g. ERF/AP2-type transcription 
factors, DDF1 and DDF2 (Magome et al., 2004, Magome et al., 2008); redox 
homeostasis, e.g. ascorbate peroxidase, APX2; and hormone homeostasis, e.g. 
UGT74E2 (Tognetti et al., 2010). The data show that the lack of the vacuolar Cl⁻ 
channel ALMT9 has a global impact on the genome-wide transcriptional response 
under salinity. 
Among the genes showing differential transcriptional regulation exclusively upon 
salinity we examined candidates that code for transporter proteins with a putative role 
in salinity-related processes in more detail (Figure 6C to 6E). The RNA-seq results were 
verified by qRT-PCR using the second knock-out allele almt9-2. We confirmed that the 
expression of the CHX21 gene that encodes for a putative plasma membrane Na⁺ 
transporter (Hall et al., 2006) was indistinguishable between both genotypes under 
control condition in shoots (Figure 6C, Supplemental Table 2). However, upon salinity 
the transcript levels increased slightly in the wild-type but decreased in almt9. 




related transporter genes by RNA-seq whose expression was highly up-regulated in 
almt9-1 shoots upon salinity (Supplemental Table 2).  
 
Figure 6. Transcriptome Analysis Reveals Distinct Expression Patterns in almt9 upon Salinity.    
(A) and (B) RNA-seq analysis in shoots and roots of hydroponically grown wild-type-1 (wt-1) 
and almt9-1 plants upon exposure to control (0 mM) or  NaCl (100 mM) conditions for 24 h.  
(A) Venn diagram showing the number of differentially expressed genes between wt-1 and 
almt9-1 within each tissue and treatment. The overlap between the ovals represents genes that 




(Figure legend 6 continued) 
(B) Number of genes that are significantly differentially expressed between both genotypes 
exclusively under salinity. For selection requirements see Method section. up, up-regulated 
genes in almt9-1; down, down-regulated genes in almt9-1.  
(C) to (E) The expression levels of candidate genes were determined in wt-2, almt9-2, and the 
complemented lines E196A and GC:ALMT9 by qRT-PCR. The same experimental set-up as for 
the RNA-seq analysis was used. Transcript abundance of CHX21 (C) and DTX1 (D) was 
determined in shoots, transcript abundance of HKT1;1 (E) in roots. The data were normalized 
to the expression level of the respective gene in wt-2 under control conditions. ACT2 served as 
a reference gene. Each data point was derived from n ≥ 3 biological replicates and is shown as 
mean ± SD. In (C) to (E), significances at P < 0.05 were analyzed by one-way ANOVA and 
Tukey-Kramer multiple comparison post-test for each treatment and are indicated by lettering 
(lower case = control conditions; capital letters = salinity). 
 
 
We confirmed this expression pattern using one of them, DTX1 (Figure 6D), a plasma 
membrane transporter that was suggested to export toxic compounds (Li et al., 2002). 
In the RNA-seq data of roots, the expression of HKT1;1, a well-known gene coding for 
a Na⁺-selective transport protein at the plasma membrane of root stelar cells (Davenport 
et al., 2007), showed high variability between the three biological replicates and was 
therefore not among the significantly differentially regulated genes. Since HKT1;1 has 
a crucial role in diminishing long-distance Na+ transport to shoots we further 
investigated its transcriptional response to salinity in both genotypes by qRT-PCR. The 
analysis of four biological independent experiments proved that HKT1;1 expression 
increased in almt9-2 roots in response to salinity approximately twice as much as in 
wild-type-2 roots (Figure 6E). 
Our qRT-PCR analysis of CHX21, DTX1 and HKT1;1 included the complementation 
lines E196A and GC:ALMT9 to untangle the molecular basis of the transcriptional dis-
regulation of the candidate transporter genes. For all three investigated genes 
GC:ALMT9 showed similar expression patterns as almt9-2 (Figure 6C to 6E), 
consistent with the finding that differences in ion concentration do not arise from 
differences in stomatal movement between wild-type and almt9 during salinity (Figure 




vasculature and leaf mesophyll, showed a more complex transcriptional response. 
Indeed, E196A roots displayed the same expression profile of HKT1;1 as wild-type-2 
(Figure 6E), but had a similar expression pattern as almt9-2 regarding the shoot CHX21 
expression (Figure 6C), and showed an even more pronounced transcriptional up-
regulation of DTX1 in shoots than the almt9-2 mutant (Figure 6D). 
The RNA-seq data identified further transporter genes that show changes in gene 
expression in almt9-1 specifically upon salinity (Supplemental Table 2 and 3), namely 
ACA12 (Limonta et al., 2014), ABCB4 (Terasaka et al., 2005), SUC5 (Baud et al., 2005, 
Pommerrenig et al., 2013) and OCT1 (Lelandais-Brière et al., 2007, Strohm et al., 
2015). Notably, no member of the ALMT, CLC or NRT family has been identified as 





During salinity the sequestration of Na⁺ and Cl⁻ ions into the vacuole is crucial to 
maintain optimal metabolic conditions in the cytosol and mitigate cellular damage. Our 
data provide new insights into the role of intracellular ion partitioning during salt stress. 
Crucially, we show that Cl⁻ fluxes across the vacuolar membrane have consequences 
on fluxes across the plasma membrane and thereby influence global plant ion 
movement. Firstly, we present evidence that disturbed vacuolar Cl⁻ uptake has a 
dramatic effect on shoot ion accumulation during early salt stress. Secondly, the data 
show a strong correlation between anion and cation fluxes during salinity as not only 
Cl- but also Na⁺ accumulation was affected in almt9 and E196A mutants. And thirdly, 
our results imply that a disturbed intracellular ion homeostasis acts as a feedback-signal 
that regulates the expression of genes encoding for plasma membrane-localized 
transport proteins.  
Ions are delivered to the shoot via the transpiration stream. Therefore, differences in 
shoot ion contents might arise from diminished transpiration rates, or from the 
modification of transport processes in the root stele that catalyze long-distance ion 
transport to shoots. Here, we provide comprehensive evidence that stomatal movement 




between almt9 and wild-type plants during salinity. In contrast, we show that HKT1;1 
shows elevated expression levels in roots of almt9 mutants in response to salinity. 
HKT1;1 is a transport protein at the plasma membrane of the root stele involved in 
xylem retrieval of Na⁺ from the transpiration stream and reduction of Na⁺ root-to-shoot 
transfer (Davenport et al., 2007). Knock-out mutants of HKT1;1 show elevated xylem 
(Sunarpi et al., 2005) and shoot (Mäser et al., 2002) Na⁺ levels when exposed to salt 
stress. In contrast, cell type-specific overexpression of HKT1;1 in stelar root cells 
reduces shoot Na⁺ contents (Møller et al., 2009). Thus, the transcriptional up-regulation 
of HKT1;1 in almt9 mutants might contribute to lower shoot Na⁺ contents. In 
accordance, E196A plants exhibit similar HKT1;1 expression levels in roots as the wild-
type and a similar shoot ion accumulation during salinity. 
The coinciding expression pattern of ALMT9 and HKT1;1 (Møller et al., 2009) in the 
root stele suggests that the lack of the Cl⁻ channel in these cells modifies the expression 
of transporters at the plasma membrane. The overall tissue ion content in roots was not 
altered in almt9 and wild-type plants. Therefore, we propose a model in which the 
absence of ALMT9 reduces the loading capacity of Cl⁻ and presumably also Na⁺ ions 
into the vacuole of stelar cells (Figure 7). This disturbed intracellular ion homeostasis 
in turn might mimic an elevated salt stress that promotes the transcriptional up-
regulation of HKT1;1. Consistently, E196A plants with restored or increased vacuolar 
Cl⁻ uptake have a transcriptional response of HKT1;1 similar to wild-type plants 
(Figure 7). The importance of intracellular ion homeostasis in regulating cellular events 
in response to salinity in roots was also demonstrated in the sos1-1 mutant, which is 
deficient in cellular Na⁺ extrusion and showed a magnification of salt stress responses 
(Oh et al., 2010). A role of ALMT9 in regulating the vacuolar ion uptake in the root 
stele is in agreement with the fact that ALMT9 expression in roots is specifically up-
regulated in response to NaCl, but not to other ionic or osmotic stresses. Hence, our 
findings substantiate the suggestion that pericycle and xylem parenchyma cells 
contribute to the control of net xylem loading of Na⁺ during salinity (Läuchli et al., 
2008). In addition, we propose that the capacity of vacuolar Cl⁻ uptake in these cells is 
a factor that regulates root-to-shoot ion transport processes by influencing the 
expression of plasma membrane-bound ion transporters in response to salt stress. How 




open question. It has to be noted that the vacuolar storage capacity also influences heavy 
metal long-distance transport. However, the reduced loading of heavy metals in the 
vacuoles of root stelar cells causes enhanced shoot ion accumulation (Arrivault et al., 
2006, Peng and Gong, 2014). Therefore, it seems that an ion-dependent signaling 
pathway operates downstream the vacuolar ion loading capacity. 
The disturbed intracellular ion homeostasis in the vascular system of almt9 might also 
affect the regulation of transport proteins in shoots (Figure 7). Interestingly, CHX21 
(Hall et al., 2006) and DTX1 (Li et al., 2002), plasma membrane transporters that were 
identified in the shoot RNA-seq analysis, were also associated with the modulation of 
xylem loading and long-distance ion transport. CHX21 was previously shown to be 
expressed in endodermal root cells and suggested to control root-to-shoot translocation 
of Na⁺ during salinity (Hall et al., 2006).  Although we did not determine the cell type-
specific distribution of Na⁺ ions, the potential role in the regulation of Na⁺ xylem 
content (Hall et al., 2006) together with the differential expression in almt9 mutant 
shoots leads us to propose that CHX genes are likely to contribute to intercellular Na⁺ 
partitioning within shoots during salinity. 
In our study, the MATE-related transporter gene DTX1 as well as two further DTX 
members  of the same subfamily (Li et al., 2002) were highly up-regulated in shoots of 
almt9. DTX1 has been described as a detoxification efflux carrier that might be required 
for the export of toxic compounds out of the cell (Li et al., 2002). Since also E196A 
shoots showed a dramatic increase in DTX1 levels even under control conditions, the 
transcriptional up-regulation is apparently stimulated by the dis-regulated vacuolar Cl⁻ 
fluxes in both mutants. This observation points towards a role of DTX1 in the export of 
compounds that accumulate in response to impaired intracellular ion homeostasis or to 
an osmotic imbalance that is probable in mutants with reduced or enhanced vacuolar 
Cl⁻ uptake. An implication of ALMT9 in maintaining the osmotic status under salinity 
is suggested by the transcriptional up-regulation in response to KCl and sorbitol 
specifically in shoots. Interestingly, DTX1 and the two other identified DTX members 
are co-expressed (Obayashi et al., 2007, www.atted.jp) with UGT74E2 (Tognetti et al., 
2010) the expression of which was also found to be highly up-regulated in almt9 shoots 
in the RNA-seq analysis. The hydrogen peroxide-responsive UGT74E2 encodes a 




(Tognetti et al., 2010). It will be of interest to determine the physiological substrate of 
these DTX transporters and investigate their functional role during salinity which might 
be linked to UGT74E2 activity.  
 
Figure 7. Proposed Model for the Transcriptional Regulation of Transporter Genes Involved in 
Whole-Plant Ion Distribution by Vacuolar Ion Uptake during Early Salinity. 
Our data support a model in which the expression of plasma membrane-localized transport 
proteins involved in long-distance ion transport is tuned by the efficiency of vacuolar Cl⁻ fluxes 
in the vasculature at the onset of salinity stress. The reduced Cl⁻ storage in the vacuoles of 
almt9 mutants perturbs the intracellular homeostasis of ions (black circles represent positively 
and negatively charged ions). This signals an enhanced salinity stress and initiates elevated 
expression levels of transporters such as the Na⁺ transporter HKT1;1 (HKT). In accordance, 
wild-type and E196A plants have more efficient vacuolar Cl⁻ uptake, and exhibit lower salt-
induced HKT1;1 transcript increase. Similarly, transcript levels of other genes encoding for 
transporters (x) involved in the regulation of long-distance ion translocation in shoots and roots 
might be up- or down-regulated (dashed lines) in response to the capacity of storing Cl⁻ in the 




The altered expression of Na⁺ transporters such as HKT1;1 and CHX21 in the Cl⁻ 
channel mutants almt9 and E196A substantiates the strong coupling of the transport of 
both ion species during salinity as also observed in the ion content measurements. 
Strikingly, among the transporter genes that were differentially regulated in almt9 under 
salinity we did not identify genes that encode for putative anion transporters. However, 
transcription levels of transport-related genes under non-saline conditions might 
contribute to alterations in tissue ion content during salinity as suggested for different 
grapevine (Vitis vinifera) species (Henderson et al., 2014). For instance, the basal 
expression of two genes that encode for plasma membrane-localized NRT transporters 
showed different levels in almt9. NRT proteins have been found to mediate 
transmembrane NO₃⁻ fluxes, whereby some members were suggested to be 
implemented in salinity responses (Li et al., 2010, Chen et al., 2012, Taochy et al., 
2015).  Hence, the expression landscape of transporter genes under control conditions 
might alter ion fluxes constitutively and contribute potentially to differences in tissue 
ion accumulation during salinity. 
In addition, the activity of several anion channels and transporters has been shown to 
be stimulated at other levels than the transcriptional, for instance by phosphorylation 
(Frachisse et al., 2000, Liu and Tsay, 2003, Lee et al., 2009, Wege et al., 2014), or by 
signals such as the pH (Frachisse et al., 2000, Colcombet et al., 2005, Meyer et al., 
2011) and Ca2+ concentrations (Gilliham and Tester, 2005, Meyer et al., 2011). If the 
activity of transporters involved in Cl⁻ fluxes during salinity are modified by these 
regulatory mechanisms, RNA-seq experiments will not identify the corresponding 
genes.  
The lower ion contents in almt9 were detected during early salinity, but not upon 
extended exposure to salt stress. Transporter proteins that belong to the ALMT or other 
families might contribute to efficient vacuolar Cl⁻ uptake in almt9 during prolonged 
salinity. For example, members of the CLC family are able to transport Cl⁻ across the 
tonoplast (Jossier et al., 2010, Wege et al., 2010, De Angeli et al., 2013, Nguyen et al., 
2015). The relative contribution of CLC-mediated Cl⁻ currents might thereby increase 
with accumulating Cl⁻ contents over time, since the slightly negative membrane 
potential at the tonoplast supports the passive uptake of Cl⁻ by channels only up to a 




secondary active transporters such as CLCa can account for up to 50-fold concentration 
gradients across the tonoplast (De Angeli et al., 2006). Together, this indicates that 
plants have a set of tonoplast-localized transport proteins that are implicated in 
intracellular ion uptake at different time-points during salinity. 
To conclude, while the role of plasma membrane-localized transport proteins in salt 
stress adaptation mechanisms has been studied intensively, the importance of vacuolar 
ion uptake in particular during early salinity remained elusive. In our study we clearly 
show that the significance of ion movement across the tonoplast during salt stress 
exceeds a role of vacuolar ion sequestration during long-term salinity to guarantee 
cellular survival. The differences in shoot ion content in almt9 and E196A mutants and 
the transcriptional alteration of several plasma membrane-localized transporters with 
an established or putative role in long-distance ion translocation suggest an interplay 
between disturbed intracellular ion homeostasis and tissue ion fluxes. Our findings 
provide strong evidence that the capacity of vacuolar ion uptake in vascular tissue is a 
pivotal factor that contributes to the modulation of long-distance ion transport at the 





Plant Materials, Growth Conditions and Salinity Treatment 
The two independent T-DNA insertion lines of ALMT9 (almt9-1: WiscDsLox499H09; 
almt9-2: SALK_055490) were described in a previous study (De Angeli et al., 2013). 
Arabidopsis thaliana wild-type ecotype Columbia (Col-0) and almt9 plants were grown 
in a growth chamber (21 °C, 12 h light /12 h dark, 40% relative humidity) in hydroponic 
culture. ½ MS (Murashige and Skoog) pH 5.6 was used as nutrient solution. Unless 
otherwise specified, treatment was applied to 5-week old plants by adding control (0 
mM supplemental NaCl) or salt stress (100 mM supplemental NaCl) solutions. 




Construct Design and Generation of Transgenic Plants 
To generate ALMT9pro:GUS, a 548 bp promoter sequence upstream of the start codon 
of ALMT9 was cloned into pMDC163 (Curtis and Grossniklaus, 2003). The gene 
silencing suppressor mutant rdr-6-11 ( Peragine et al., 2004, Meyer et al., 2011) and 
Col-0 plants were transformed with the construct and positive transformation events 
were selected by hygromycin. 
The intron-containing hairpin RNA was generated using pKANNIBAL (Wesley et al., 
2001). The construct was based on the ALMT5 nucleotide sequence in order to target 
ALMT family clade II members (Kovermann et al., 2007) for multiple down-
regulation. NotI fragments were subcloned into pART27 (Gleave, 1992) for stable 
transformation into the almt9-1 knock-out background (transgenic line hpRNA). 
Positive transformation events were selected by kanamycin. The expression of ALMT 
family clade II members (ALMT3, ALMT4, ALMT5, ALMT6) was evaluated by qRT-
PCR using 7-day old T3 seedlings grown on plates containing ½ MS pH5.6 and 1% 
phytoagar. The line hpRNA was selected based on the highest degree of transcriptional 
down-regulation of ALMT clade II members.  
To generate the point-mutated complementation line ALMT9pro:ALMT9E196A (line 
E196A), ALMT9 and its upstream promoter region (548 bp) were amplified from wild-
type genomic DNA and cloned into pPLV22 (De Rybel et al., 2011). The site-directed 
mutagenesis was performed as described previously (Zhang et al., 2013). The construct 
was transformed into almt9-2 and positive transformation events were selected by 
BASTA. 7-day old seedlings of the T3 progeny of line E196A and wild-type-2 were 
grown on plates containing ½ MS pH5.6 and 1% phytoagar to determine ALMT9 
expression by qRT-PCR.  
To generate a guard cell-specific complementation line of almt9-2 (line GC:ALMT9), 
ALMT9 cDNA was amplified and cloned into pMDC32 (Curtis and Grossniklaus, 2003) 
under the control of the guard cell-specific MYB60 promoter (Cominelli et al., 2005) as 
described previously (Nagy et al., 2009). The construct MYB60pro:ALMT9 was 
transformed into almt9-2. T3 progeny of hygromycin-resistant transformants of 
GC:ALMT9 was used to evaluate ALMT9 expression by PCR. Mesophyll cell 
protoplasts of 5-week old soil-grown wild-type-2, almt9-2, and GC:ALMT9 plants were 




section. Total RNA of mesophyll cell protoplast, and shoots and roots of plants grown 
on plates (½ MS pH5.6 and 1% phytoagar), was extracted and cDNA was synthesized 
as described for qRT-PCR analysis. The PCR conditions were set as follows: 98°C for 
2 min in the ﬁrst cycle; subsequently, multiple ampliﬁcation cycles consisting of 30 s 
at 98°C, 30 s at 58°C, and 2.5 min at 72°C; the ﬁnal extension was 5 min at 72°C. To 
amplify ALMT9, 32 amplification cycles were used, for KAT1 35 cycles, and for ACT2 
27 cycles. KAT1 served as a control of a guard cell-specific gene (Nakamura et al., 
1995) to exclude contamination of mesophyll cell protoplasts with guard cells.  
Primers used for amplification and evaluation of the transgenic lines are listed in 
Supplemental Table 4. Arabidopsis was stable transformed via Agrobacterium 
tumefaciens using the floral dipping method (Clough and Bent, 1998).  
 
Quantitative Real-Time PCR  
Total RNA was extracted from approximately 30 mg shoot and root tissue (pool of 
material from 2-3 plants) by using the SV Total RNA Isolation System (Promega) 
following manufacturer’s instructions. 1µg total RNA was reverse transcribed using 
oligo (dT) priming and M-MLV reverse transcriptase (Promega) according to 
manufacturer’s instructions. Transcript levels were determined by qRT-PCR using the 
7500 Fast Real-Time PCR System (Applied Biosystems) and a SYBR Green PCR 
Master Mix (Applied Biosystems). Transcript levels were calculated with the standard 
curve method as described by Pfaffl (2001), and were normalized against the expression 
of the actin gene ACT2. All reactions were performed in technical triplicates that were 
averaged to generate one biological replicate. Primers used for the transcript analysis 
are listed in Supplemental Table 4. 
 
Tissue-Specific Expression of ALMT9 
T3 ALMT9pro:GUS reporter plants were grown on plates (½ MS pH5.6 and 1% 
phytoagar) for 2-3 weeks. For the evaluation of the expression pattern under salinity 
plants were transferred to plates containing 100 mM supplemental NaCl for 24 h. 
Shoots and roots were assayed for GUS activity in a staining solution containing 1 mM 
X-Gluc (5-bromo-4-chloro-3-indolyl-β-D-glucuronide) in 50 mM sodium phosphate 




0.05 % Triton X-100. After vacuum infiltration, the tissue was incubated for ~4 h (roots) 
or over-night (shoots) at 37 °C in the staining solution. The reaction was stopped with 
several washes in 50 mM sodium phosphate buffer pH 7.15 and tissues were cleared 
with 70 % ethanol over-night. Images were captured with a digital reflex camera from 
Canon, and with a Leica DMR widefield fluorescence microscope (Leica 
Microsystems). To obtain transverse sections roots were embedded in a 4 % agarose 
solution and 150 µm sections were generated by vibratome. Three independent 
transgenic lines in the rdr6-11 background and three lines in Col-0 were analyzed for 
expression of the GUS reporter that each showed similar expression patterns. 
 
Ion and Osmolality Content Quantification 
Mg2+, K+, Na+ and Cl- ions were extracted and quantified as described in Munns et al., 
2010. In brief, shoots and roots of 3-4 plants were pooled for each biological replicate. 
Dry weight from shoot and root tissue was determined and ions were extracted using 
0.5 M nitric acid over-night at 70 °C. Cation content was determined using Atomic 
Absorption Spectrometry (AAS) and Cl⁻ was determined using the colorimetric 
ferricyanide method (Munns et al., 2010). All reactions were performed in technical 
triplicates that were averaged to generate one biological replicate. The measurements 
of wt-2, the knock-out mutant almt9-2 and its complementation lines GC:ALMT9 and 
E196A were performed in parallel. Hence, the results of the Na⁺ and Cl⁻ contents 
measured in wt-2 and almt9-2 are presented in Figure 2, Figure 4 and Figure 5. 
For nitrate quantification, a colorimetric assay with salicylic acid was used according 
to Cataldo et al., 1975. In brief, nitrate was extracted from shoots and roots (pool of 2 
plants per biological replicate) in 5 ml hot deionized water (90-95 °C) and incubated in 
an 80 °C waterbath for 30 minutes. Cooled down supernatants and standard solutions 
were incubated at room temperature with 5 % salicylic acid (w/v) that was dissolved in 
96 % sulphuric acid. After 20 minutes 2 M NaOH was added to raise the pH and 
absorbance was measured at 480 nm. All reactions were performed in technical 
duplicates that were averaged to generate a biological replicate.  
Malate was extracted from shoot tissue as described previously (Hurth et al., 2005). 




(Roche, R-Biopharm) according to manufacturer’s instructions. All reactions were 
performed in technical duplicates that were averaged to generate a biological replicate. 
Osmolality was determined using the leaf sap extracts of shoots. The material 
underwent a cycle of freezing and thawing and was subsequently mechanically pressed. 
After centrifugation the supernatant was collected and used for osmolality 
measurements with a micro-osmometer (Advanced Instruments, Inc., Model 3320). 
 
Confocal Microscopy 
The constructs ALMT9-GFP and ALMT9E196A-GFP, which have been described 
previously (Zhang et al., 2013), were transformed into Agrobacterium tumefaciens 
(GV3101) by electroporation. The Agrobacterium-mediated infiltration of four weeks 
old tobacco leaves was performed as described previously with slight modifications 
(Yang et al., 2001). After transient transformation tobacco plants were grown in the 
greenhouse (16h light/ 8h dark, 25 °C/ 23 °C, 100 to 200 μmol photons m−2 s−1, 60 % 
relative humidity) for another 2-3 days and then used to extract protoplasts for confocal 
microscopy and patch-clamp measurements.  
Tobacco mesophyll protoplasts transiently overexpressing ALMT9-GFP and 
ALMT9E196A-GFP were extracted by enzymatic digestion as described in the ‘Patch-
clamp Measurements’ section. Vacuoles were isolated by osmotic shock. Images were 
obtained at the Imagerie-Gif platform (http://www.i2bc.paris-
saclay.fr/spip.php?article278) on a Leica SP8 inverted confocal microscope with laser 
excitation at 488 nm and collection of emitted light at 495 – 550 nm for GFP and 
600 – 650 nm for chlorophyll. 
 
Patch-Clamp Measurements 
Mesophyll protoplasts from ALMT9-GFP and ALMT9E196A-GFP overexpressing 
tobacco leaves were isolated by enzymatic digestion. The enzyme solution contained 
0.3 % (w/v) cellulase R-10, 0.03 % (w/v) pectolyase Y-23, 1 mM CaCl2, 500 mM 
sorbitol and 10 mM MES, pH 5.3, 550 mOsm. Protoplasts were washed twice and 
resuspended in the same solution without enzymes. Vacuoles were released from 
mesophyll protoplasts by the addition of 5 mM EDTA and a slight osmotic shock (500 




GFP or ALMT9E196A-GFP signal were selected using an epifluorescence microscope. 
Membrane currents from tonoplast patches were recorded in the excised cytosolic-side 
out configuration with the patch-clamp technique as described elsewhere (De Angeli et 
al., 2013). In brief, currents were recorded with an EPC8 patch-clamp amplifier and 
LIH8+8 AD/DA converter (HEKA electronics, Lambrect/Pflatz, Germany) using the 
Patchmaster software (HEKA electronics, Lambrect/Pflatz, Germany). Data was 
analysed with the FitMaster software (HEKA electronics, Lambrect/Pflatz, Germany). 
For macroscopic current recordings the pipette resistance was 4-5 MΩ. Only patches 
presenting a seal resistance higher than 2 GΩ were used to perform experiments. 
Current recordings were filtered at 300 Hz. Currents were evoked with a voltage ramp 
ranging from +40 to -100 mV in 2.5 s with a holding potential of -40 mV. 
The cytosolic solution contained i) 100 mM Cl- adjusted to pH 7.5 with Bis-Tris-
Propane (BTP); ii) 100 mM Cl-, 1mM malic acid adjusted to pH 7.5 with BTP; iii) 100 
mM malic acid, adjusted to pH 7.5 with BTP. The osmolality was adjusted to 500 
mOsm using sorbitol. The pipette solution contained 100 mM HCl and was adjusted 
with BTP to pH 6. The osmolality was adjusted to 550 mOsm using sorbitol. All 
chemicals were purchased from Sigma-Aldrich. Liquid junction potentials were 
measured according to (Neher, 1992) and corrected when higher than ± 2 mV. 
Sequential perfusion of cytosolic-side buffer was performed using a custom-built 
gravity-driven perfusion system. 
 
Stomata Aperture Measurement 
Before performing in situ assays of native stomatal apertures, hydroponically grown 
plants were transferred to an LED growth chamber and grown for three days at a white 
light intensity of 250 µmol*m-2*s-1. Counting from the first true leaf pair, the seventh 
leaf of each rosette was used to analyse stomata. The leaf was excised and its abaxial 
side pressed onto a piece of scotch tape. The mesophyll tissue was scrapped off from 
the adaxial side using a scalpel and the remaining exposed abaxial epidermis was 
immediately rinsed three times with 10 mM MES-KOH (pH 6.1). The tape containing 
the epidermal strip was transferred onto a microscope slide and randomly chosen areas 
covering both sides of the mid-vein were imaged per leaf using an inverted NIKON 




a NIKON Digital Sight DS-Fi1 camera. Leaves of at least four individual plants per 
genotype were examined in this way and genotypes were alternated during 
measurements. The time from leaf excision to completion of imaging was kept at 
maximally five minutes to ensure that the measured stomatal apertures reflected the 
native state and were unaffected by the process. Finally, recorded images were blind-
analysed using ImageJ (Abramoff et al., 2004) and the apertures of at least 60 stomata 
were measured across a minimum of six images taken per leaf. Mean apertures of a 
single leaf were averaged, and the mean of one biological replicate was derived from 
the averages of at least four leaves per genotype.  
 
RNA sequencing and Data Processing 
Total RNA was extracted as described in the ‘Quantitative Real-Time PCR’ section. 
For each tissue (shoots and roots), genotype (almt9-1 and wild-type-1) and treatment 
(0 mM or 100 mM supplemental NaCl for 24 h), three independent biological replicates 
were produced. RNA library preparation and sequencing was conducted by the 
Functional Genomics Center Zurich using Illumina HiSeq 2000.  
RNA-seq read alignment and expression estimation was performed with RSEM (Li and 
Dewey, 2011). As a reference we used the TAIR10 genome assembly and the 
corresponding gene annotations provided by TAIR. Differential expression was 
computed with the Bioconductor package edgeR (Robinson et al., 2010) using the glm 
(generalized linear model) fit. A gene was considered as differentially expressed 
between wild-type-1 and almt9-1 by applying a threshold of 0.01 for the p-value and 
±1 for the log₂ ratio, corresponding to a twofold or greater difference in expression. In 
addition, we filtered out genes that had very low counts. Specifically, we did not 
consider a gene as expressed if it did not exceed in at least one condition a read count 
of 50 in the samples. Positive log₂ ratios correspond to transcriptional up-regulation in 
almt9-1, negative log₂ ratios to transcriptional down-regulation.  
Among the differentially expressed genes, we further selected salinity response-specific 
candidates that are up-regulated in almt9-1 by requiring that (i) the gene is up- regulated 
under salinity (log₂ ratio ≥ ± 1, P < 0.01), and (ii) the gene is not up-regulated under 
control conditions or the log₂ ratio is at least 1 lower than the log₂ ratio under salinity 





The sequence data from this article can be found in the GenBank/EMBL data libraries 
under the following accession numbers: At3g18440 (ALMT9), At2g17470 (ALMT6), 
At1g68600 (ALMT5), At1g25480 (ALMT4), At1g18420 (ALMT3), At2g01980 (SOS1), 
At2g31910 (CHX21), At2g04040 (DTX1), At4g10310 (HKT1;1), At1g08810 
(MYB60), At5g46240 (KAT1), and At3g18780.2 (ACT2).  
 
Supplemental Data 
The following materials are available in the online version of this article. 
Supplemental Figure 1. Differences in Shoot Ion Contents are not Significant upon 
Prolonged Exposure to Salinity. 
Supplemental Figure 2. almt9 Mutant Plants Exhibit similar Mg2+, MA2⁻ and Osmotic 
Contents as Wild-Type Plants. 
Supplemental Figure 3. Other ALMT Proteins that Belong to Clade II do not 
Contribute to the Modulation of Na⁺ and Cl⁻ Shoot Accumulation during Early Salt 
Stress. 
Supplemental Figure 4. Stomatal Movement during NaCl and KCl Stress in Wild-
Type-1 and almt9-1. 
Supplemental Figure 5. Evaluation of the Guard Cell-Specific Complementation Line 
of almt9-2.  
Supplemental Figure 6. The RNA-seq Analysis Reveals Distinct Biological Functions 
of Genes that are Differentially Expressed in almt9-1 Exclusively under Salinity.  
 
Supplemental Table 1. Ion Contents of Wild-Type and almt9 Mutant Plants upon 24 
h Salinity. 
Supplemental Table 2. Differentially Expressed Genes between Wild-Type-1 and 
almt9-1 in Shoots Exclusively under Salinity. 
Supplemental Table 3. Differentially Expressed Genes between Wild-Type-1 and 




Supplemental Table 4. Primers Used in that Study.  
 
Supplemental Data Set 1. Differentially Expressed Genes between Wild-Type-1 and 
almt9-1 in Shoots under Control Conditions. 
Supplemental Data Set 2. Differentially Expressed Genes between Wild-Type-1 and 
almt9-1 in Roots under Control Conditions. 
Supplemental Data Set 3. Differentially Expressed Genes between Wild-Type-1 and 
almt9-1 in Shoots under Salinity Conditions. 
Supplemental Data Set 4. Differentially Expressed Genes between Wild-Type-1 and 
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Supplemental Figure 1. Differences in Shoot Ion Contents are not Significant upon Prolonged 
Exposure to Salinity. 
(A) Na⁺ and (B) Cl⁻ content analysis in shoots and roots of hydroponically grown almt9-1 and 
almt9-2 knock-out mutants and the corresponding wild-types (wt-1 and wt-2) upon 7 days of 
treatment with control (0 mM) or NaCl (100 mM) solutions. Data are means ± SD of n ≥ 4 
biological replicates. One-way ANOVA of each tissue and treatment and a pair-wise 
comparison was used for statistical analysis. Asterisks indicate signiﬁcant differences from the 





Supplemental Figure 2. almt9 Mutants Exhibit similar Mg2+, MA2⁻ and Osmotic Contents as 
Wild-Type Plants. 
(A) Mg2+ (n ≥ 5), (B) MA2⁻ (n ≥ 4), and (C) osmotic (n ≥ 4) contents were determined in shoots 
(and roots [A]) of hydroponically grown almt9-1 and almt9-2 mutants and the corresponding 
wild-type (wt-1 and wt-2) upon 24 h treatment with control (0 mM) or NaCl (100 mM) 
solutions. Data are as means ± SD. No statistically significant differences were detected using 
one-way ANOVA of each tissue and treatment and a pair-wise comparison (P < 0.05). DW, dry 





Supplemental Figure 3. Other ALMT Proteins that Belong to Clade II do not Contribute to 
the Modulation of Na⁺ and Cl⁻ Shoot Accumulation during Early Salt Stress. 
(A) qRT-PCR analysis of the transcriptional down-regulation of the ALMT clade II members 
ALMT6, ALMT5, ALMT4 and ALMT3. Transcript abundance was compared between wild-
type-1 (wt-1) and hpRNA, an almt9-1 knock-out line expressing an intron-containing hairpin 
RNA that targets clade II ALMT members for multiple down-regulation. The data was 
normalized to expression levels of the target genes in wt-1. ACT2 served as a reference gene. 




(Supplemental Figure legend 3 continued) 
 (B) and (C) Ion content analysis of Na⁺ (B) and Cl⁻ (C) in shoots and roots of hydroponically 
grown wt-1, almt9-1 and hpRNA upon 24 h treatment with control (0 mM) or NaCl (100 mM) 
solutions. Data are means ± SD of n = 4 biological replicates. One-way ANOVA of each tissue 
and treatment and a Tukey-Kramer multiple comparison post-test was used for statistical 
analysis. Different lowercase letters indicate significant differences in ion content (P < 0.05) 





Supplemental Figure 4. Stomatal Movement during NaCl and KCl Stress in Wild-Type-1 and 
almt9-1. 
In situ assay of native stomatal apertures (see Methods) using hydroponically grown wild-type-
1 (wt-1) and almt9-1 plants. Roots were exposed to control (0 mM) or stress solutions, and the 
stomatal aperture was measured before (0 h) and after treatment. 
(A) Stomatal movement in response to 100 mM NaCl (100 mM) for 3 h. The measurement was 
conducted in parallel with the 24 h salinity treatment. Hence, the apertures before treatment are 
also shown in Figure 5A. 
(B) Stomatal movement in response to 100 mM KCl (100 mM) for 24 h. The measurement was 
conducted in parallel with the 24 h salinity treatment. Data of control conditions are also shown 
in Figure 5A. 
The SEM was calculated from averages of n ≥ 4 biological replicates. Asterisks indicate 






Supplemental Figure 5. Evaluation of the Guard Cell-Specific Complementation Line of 
almt9-2.  
PCR amplification of ACT2, the guard cell-specific KAT1 and ALMT9 using cDNA from wild-
type-2 (wt), almt9-2 and GC:ALMT9. cDNA was synthesized from mRNA extracted from 





Supplemental Figure 6. The RNA-seq Analysis Reveals Distinct Biological Functions of 
Genes that are Differentially Expressed in almt9-1 Exclusively under Salinity.  
Genes that show a differential expression exclusively under salinity conditions (24 h, 100 mM 
NaCl) in almt9-1 shoots and roots (for selection requirements see Method section) were 
arranged in selected functional categories. Up-regulated, genes with higher expression in 








Tissue Mean ± SD ª 
   wild-type-1 almt9-1 wild-type-2 almt9-2 
Na⁺ 0 Shoots 0.023 ± 0.005 0.018 ± 0.005 0.062 ± 0.009 0.059 ± 0.005 
 100 Shoots 0.455 ± 0.053 0.366 ± 0.028** 0.355 ± 0.012 0.273 ± 0.035* 
 0 Roots 0.033 ± 0.009 0.041 ± 0.012 0.045 ± 0.014 0.048 ± 0.015 
 100 Roots 0.853 ± 0098 0.804 ± 0.168 0.845 ± 0.150 0.763 ± 0.178 
Cl⁻ 0 Shoots 0.221 ± 0.032 0.263 ± 0.027* 0.204 ± 0.122 0.209 ± 0.013 
 100 Shoots 0.547 ± 0.064 0.406 ± 0.023*** 0.534 ± 0.035 0.451 ± 0.017* 
 0 Roots 0.077 ± 0.026 0.075 ± 0.028 0.082 ± 0.011 0.085 ± 0.034 
 100 Roots 0.749 ± 0.067 0.737 ± 0.079 0.763 ± 0.143 0.733 ± 0.083 
K⁺ 0 Shoots 1.295 ± 0.123 1.393 ± 0.083 1.207 ± 0.052 1.287 ± 0.084 
 100 Shoots 1.200 ± 0.058 1.186 ± 0.069 1.238 ± 0.038 1.256 ± 0.081 
 0 Roots 0.947 ± 0.049 0.996 ± 0.085 1.052 ± 0.217 1.029 ± 0.310 
 100 Roots 0.668 ± 0.188 0.648 ± 0.124 0.740 ± 0.132 0.569 ± 0.099 
NO₃⁻ 0 Shoots 0.163 ± 0.007 0.157 ± 0.012 0.168 ± 0.021 0.166 ± 0.028 
 100 Shoots 0.160 ± 0.013 0.156 ± 0.016 0.162 ± 0.015 0.170 ± 0.011 
 0 Roots 0.060 ± 0.004 0.060 ± 0.002 0.054 ± 0.003 0.055 ± 0.001 
 100 Roots 0.055 ± 0.006 0.055 ± 0.006 0.057 ± 0.004 0.055 ± 0.002 
ª Concentrations are shown in [mmol/ g dry weight] for Na⁺, Cl⁻, and K⁺. Concentrations are 
shown in [mmol/ g fresh weight] for NO₃⁻. The results are illustrated in Figure 2. Data of n ≥ 
5 biological replicates derived from two independent experiments are shown. One-way 
ANOVA of each tissue and treatment and a pair-wise comparison was used for statistical 
analysis. Asterisks indicate signiﬁcant differences from the corresponding wild-type (*P < 0.05, 




Supplemental Table 2. Differentially Expressed Genes between Wild-Type-1 and almt9-1 
in Shoots Exclusively under Salinity.  
Gene ID Description/ Name Log₂ 
Ratio 
p-value 
AT2G18190 P-loop containing nucleoside triphosphate 
hydrolases superfamily protein 
4.674 1.58E-05 
AT3G26830 Cytochrome P450 enzyme (CYP71B15/ PAD3) 4.411 1.32E-05 
AT2G04040 MATE-related detoxification efflux carrier 
(DTX1) 
3.998 4.70E-05 
AT1G29715 Pseudogene 3.98 5.93E-05 
AT1G66390 MYB DOMAIN PROTEIN 90 (MYB90/ PAP2) 3.74 0.003046 
AT1G26380 FAD-binding Berberine family protein 3.478 7.06E-05 
AT4G27140 Seed storage albumin (SESA1) -3.441 0.001111 
AT3G28580 P-loop containing nucleoside triphosphate 
hydrolases superfamily protein 
3.371 0.0002297 
AT1G05680 Uridine diphosphate glycosyltransferase 
(UGT74E2) 
3.338 2.90E-07 
AT1G13520 Protein of unknown function (DUF1262) 3.313 0.0007433 
AT3G44300 Nitrilase (NIT2) 3.217 3.46E-05 
AT2G04070 Putative MATE-related efflux carrier 3.05 0.001947 
AT1G62440 LEUCINE-RICH REPEAT/EXTENSIN 2 (LRX2)  2.792 7.26E-07 
AT5G19100 Eukaryotic aspartyl protease family protein -2.774 0.002622 
AT5G01550 Lectin receptor kinase subfamily A4 (LecRKA4.2) 2.724 0.001441 
AT4G04540 Cysteine-rich receptor like protein kinase (CRK39) 2.675 0.002616 
AT2G30750 Putative cytochrome P450 (CYP71A12)  2.619 0.008339 
AT1G17960 Threonyl-tRNA synthetase 2.573 0.0003076 
AT2G04050 Putative MATE-related efflux carrier 2.535 3.38E-05 
AT1G16420 Metacaspase (MCP2E/ MC8) 2.497 0.001789 
AT1G63030 ERF/AP2 transcription factor family (DDF2) -2.258 0.0005246 
AT2G38240 2-oxoglutarate (2OG) and Fe(II)-dependent 





AT2G12930 Gypsy-like retrotransposon family -2.199 0.003696 
AT3G28740 Cytochrome P450 family (CYP81D11)  2.19 0.009735 
AT1G21240 Wall-associated kinase (WAK3) 2.093 2.62E-07 
AT1G49310 Unknown protein   2.079 0.00275 
AT4G20000 VQ motif-containing protein 2.045 0.006998 
AT5G10970 C2H2 and C2HC zinc fingers superfamily protein -2.031 0.0006944 
AT2G18193 P-loop containing nucleoside triphosphate 
hydrolases superfamily protein 
2.007 0.0001036 
AT5G25260 SPFH/Band 7/PHB domain-containing membrane-
associated protein family 
1.957 0.001054 
AT1G17170 Glutathione transferase (GSTU24) 1.956 0.0002155 
AT3G63380 AUTO-INHIBITED CA2+ ATPASE 12 (ACA12) 1.865 0.004314 
AT2G31910 Putative Na+/H+ antiporter family (CHX21) -1.848 0.004987 
AT3G13950 Unknown protein   1.803 0.002431 
AT3G29250 NAD(P)-binding Rossmann-fold superfamily 
protein (SDR4) 
1.764 0.002492 
AT1G12610 ERF/AP2 transcription factor family (DDF1) -1.717 1.28E-08 
AT3G09640 Cytosolic ascorbate peroxidase (APX2/ APX1B) -1.669 0.0004518 
AT5G51440 HSP20-like chaperones superfamily protein 1.664 0.007465 
AT2G47000 Subfamily B ABC-type auxin efflux transporter 
(ABCB4/ MDR4/ PGP4) 
1.636 0.001916 
AT1G43910 P-loop containing nucleoside triphosphate 
hydrolases superfamily protein 
1.597 0.005181 
AT3G25010 Receptor like protein (RLP41) 1.593 1.29E-06 
AT4G04490 Cysteine-rich receptor like protein kinase (CRK36)  1.583 0.001103 
AT1G61810 Beta-glucosidase (BGLU45) 1.58 0.003976 
AT2G29350 Senescence-associated gene (SAG13) 1.564 1.40E-07 
AT3G57240 Glycosyl hydrolase family 17 (BG3) 1.514 5.12E-05 






AT4G25000 ALPHA-AMYLASE-LIKE (AMY1) 1.482 3.40E-05 
AT5G60250 Zinc finger (C3HC4-type RING finger) family 
protein 
1.473 0.0005328 
AT1G57630 Toll-Interleukin-Resistance (TIR) domain family 
protein 
1.464 0.00685 
AT4G34410 ERF/AP2 transcription factor family (ERF109) -1.458 2.87E-12 
AT2G29460 Glutathione transferase (GSTU4) 1.415 0.007186 
AT3G10320 Glycosyltransferase family 61 protein (MUCI21) 1.397 0.006958 
AT5G52020 ERF/AP2 transcription factor family -1.396 8.35E-06 
AT1G53540 HSP20-like chaperones superfamily protein -1.386 0.002712 
AT1G76930 Extensin (EXT1/EXT4) 1.38 0.0007415 
AT4G00700 C2 calcium/lipid-binding plant 
phosphoribosyltransferase family protein 
1.378 0.004223 
AT4G24000 Cellulose synthase (CSLG2) 1.324 0.002603 
AT5G02490 Heat shock protein 70 (Hsp 70) family protein 
(HSP70-2)  
1.285 9.44E-05 
AT4G23140 Cysteine-rich receptor like protein kinase (CRK6)  1.229 8.88E-17 
AT4G37370 Cytochrome P450 family (CYP81D8) 1.198 0.006318 
AT5G18270 NAC domain containing protein (ANAC087) 1.184 0.002222 
AT3G57765 Small nuclear RNA (U2.3) -1.149 0.00242 
AT1G14780 MAC/Perforin domain-containing protein 1.125 8.42E-05 
AT1G15405 Unknown gene -1.12 0.009702 
AT4G27654 Unknown protein   -1.117 2.97E-08 
AT3G28890 Receptor like protein (RLP43)  1.085 0.0001529 
AT2G29110 Ligand-gated ion channel subunit family (GLR2.8) 1.065 0.007163 
AT2G03760 Brassinosteroid sulphotransferase (SOT12/ ST1) 1.031 0.0008528 
AT1G58225 Unknown protein   1.015 0.0008908 



























List of genes that are exclusively significantly up- or down-regulated under salinity 
conditions (24 h, 100 mM NaCl) in almt9-1 shoots (for selection requirements see Method 
section). Positive log₂ ratios correspond to transcriptional up-regulation in almt9-1, negative 
log₂ ratios to transcriptional down-regulation. Names and descriptions are according to TAIR. 




Supplemental Table 3. Differentially Expressed Genes between Wild-Type-1 and almt9-1 
in Roots Exclusively under Salinity.   
Gene ID Description/ Name Log₂ 
Ratio 
p-value 
AT4G04223 Unknown gene -3.337 6.03E-22 
AT5G24140 Squalene monooxygenase (SQP2) -2.981 0.0003986 
AT5G02330 Cysteine/Histidine-rich C1 domain family protein -2.502 0.0003037 
AT3G01015 TPX2 (targeting protein for Xklp2) protein family 2.228 0.001345 
AT1G19415 Copia-like retrotransposon family -2.145 0.009452 
AT2G30766 Unknown protein   2.002 3.22E-06 
AT1G51030 Unknown protein   -1.998 0.001067 
AT4G38590 Putative beta-galactosidase (BGAL14) -1.95 0.005079 
AT4G15690 Thioredoxin superfamily protein 1.944 0.0003804 
AT5G17040 UDP-Glycosyltransferase superfamily protein -1.794 0.0023 
AT1G71890 Sucrose transporter (SUC5) -1.778 0.005836 
AT4G23320 Cysteine-rich receptor like protein kinase (CRK24) 1.777 0.003051 
AT5G03310 SAUR-like auxin-responsive protein family 
(SAUR44) 
1.624 0.003661 
AT5G11410 Protein kinase superfamily protein 1.545 0.006612 
AT4G23210 Cysteine-rich receptor like protein kinase (CRK13)  -1.531 0.0003196 
AT1G14345 NAD(P)-linked oxidoreductase superfamily protein -1.5 0.003167 
AT5G27220 Frigida-like protein 1.484 0.009174 
AT1G73220 Organic cation/carnitine transporter (OCT1)   -1.483 0.0001871 
AT3G53040 Putative late embryogenesis abundant (LEA) protein -1.477 0.003184 
AT2G48121 Unknown protein   1.459 0.009511 
AT1G33320 Pyridoxal phosphate (PLP)-dependent transferases 
superfamily protein 
-1.441 0.0002151 
AT2G03710 SEPALLATA 4 (SEP4/ AGL3) -1.224 0.0006572 


















AT3G22560 Acyl-CoA N-acyltransferases (NAT) superfamily 
protein 
-1.146 0.00112 
AT3G60090 VQ motif-containing protein -1.129 0.001143 
AT2G39510 Nodulin MtN21-like transporter family protein 
(UMAMIT14)  
-1.112 0.003848 
AT2G02061 Nucleotide-diphospho-sugar transferase family 
protein 
1.069 0.00585 
AT4G15360 Cytochrome P450 family (CYP705A3) 1.031 0.0006057 
AT1G25150 F-box family protein 1.028 0.002636 
AT4G17660 Protein kinase superfamily protein 1.019 0.00087 
AT5G44565 Unknown protein  -1.019 0.001466 
List of genes that are exclusively significantly up- or down-regulated under salinity 
conditions (24 h, 100 mM NaCl) in almt9-1 roots (for selection requirements see Method 
section). Positive log₂ ratios correspond to transcriptional up-regulation in almt9-1, negative 
log₂ ratios to transcriptional down-regulation. Names and descriptions are according to TAIR. 




Supplemental Table 4. Primers Used in that Study. 
















































5. Chapter IV:  
 
















Contributing Researchers:  
The complementation lines were cloned by Dr. Jingbo Zhang. The transgenic lines were 
selected by Ulrike Baetz. Seed germination experiments and qRT-PCR were designed 









 ‘… Effect of Salt-Water on the Germination of Seeds. — As you have published notices 
by Mr. Berkeley and myself on the length of time seeds can withstand immersion in sea-
water, you may perhaps like to hear, without minute details, the final results of my 
experiments. […] It is remarkable how differently varieties of the same species have 
withstood the ill effects of the salt water…’ (Darwin, 1855). 
Already centuries ago, Darwin made the observation that early seed germination 
processes are dependent on seed water uptake, and salinity impairs the germination rate. 
In addition, he described the broad variation between plant species to withstand the 
presence of salt water during seed germination and seedling establishment.  
In many seeds including Arabidopsis thaliana (Arabidopsis), the embryo is covered by 
the maternal seed coat (testa) and a single layer of a triploid endosperm, which are 
significant barriers to embryo outgrowth (Sánchez et al., 1990, Dahal et al., 1997, 
Debeaujon and Koornneef, 2000, Debeaujon et al., 2000). The emerging radicle of the 
embryo thus needs to overcome the dual constrains of this structure to complete 
germination. Seed germination and embryo outgrowth starts when a dry seed is exposed 
to water under favorable conditions. Dry seeds have typical average water contents of 
10 % and have very low water potentials (Woodstock, 1988, Obroucheva and Antipova, 
1997, Weitbrecht et al., 2011). This causes rapid water fluxes into the seed during early 
germination, a process designated imbibition. The imbibition period is characterized by 
a rapid swelling, enhanced volume and altered shape of the seed (e.g. Robert et al., 
2008, Preston et al., 2009). The imbibition is followed by a stagnated phase (phase II) 
in which the water content remains stable (Weitbrecht et al., 2011, Daszkowska-Golec, 
2011). During imbibition and the subsequent plateau phase of water uptake, the 
metabolism of the seed re-activates. In addition, water uptake and volume change result 
in the testa rupture. Subsequently, in water uptake phase III, also the endosperm 
ruptures, culminating in the emergence of the radicle. Germination is completed by the 
visible radicle protrusion, and at this point of development the seed is defined as being 
germinated. Seed germination is followed by seedling development which includes 






Embryo growth during germination is based on the extensibility of the cell wall 
(Cosgrove, 1996, Cosgrove, 1998a, Cosgrove, 1998b, Cosgrove, 2000, Yan et al., 2014) 
and is accompanied by a progressive vacuolation during the plateau phase (Bethke et 
al., 2007). Solute and water uptake across the tonoplast majorly determines the volume 
of the vacuole and the cells, and therefore presumably the process of testa and 
endosperm rupture and the resulting radicle emergence. For instance, aquaporin water 
channels at the tonoplast, so called tonoplast intrinsic proteins (TIPs), that mediate the 
rapid uptake of water into the vacuole have been implicated in imbibition as well as the 
timing of the testa rupture (Maurel et al., 1997, Schuurmans et al., 2003, Maurel et al., 
2009). Cl⁻ and malate are crucial osmotically active counter-anions for cations such as 
K⁺ and, together, their fluxes largely contribute to solute accumulation, which is driving 
water uptake through TIPs and volume changes of vacuoles. 
The water uptake during imbibition is fundamental for the germination process. 
Therefore, reducing the surrounding water potential by the addition of high salt 
concentrations reduces the flow of water into the seed and constitutes a high osmotic 
stress. Salinity might additionally impose an ionic stress on the seed during early 
germination. Hence, the application of salt stress to germinating seeds is an established 
and fast approach to investigate transport mutants that are potentially impaired in solute 
and water uptake, and/ or Na⁺ and Cl⁻ detoxification mechanisms (Shkolnik-Inbar et 
al., 2013, Yue et al., 2012, Orsini et al., 2010). Of note, although significant advances 
have been made in understanding such adaptation mechanisms towards salinity during 
vegetative growth (Munns and Tester, 2008), the molecular events of salinity response 
during seed germination is barely studied. In addition, the relative contribution of the 
osmotic and ionic stress component to early germination events upon salinity is not well 
understood. Yet, extensive natural genetic variation has been documented in seed 
germination during osmotic and salt stress (Vallejo et al., 2010, Quesada et al., 2002, 
Clerkx et al., 2004, Joosen et al., 2010). For instance, among worldwide populations of 
Arabidopsis seeds, the germination ability within a moderately saline environment of 
150 mM NaCl varied from > 90 % in the most tolerant lines to complete inability to 
germinate in the most susceptible lines (DeRose-Wilson and Gaut, 2011). Hence, 
investigating seed germination during salinity provides an almost unexplored research 






AtALMT9 belongs to the Aluminum-activated Malate Transporter (ALMT) family in 
Arabidopsis. The anion channel protein is localized at the vacuolar membrane where it 
is capable of mediating the influx of malate and Cl⁻ into the vacuole (Kovermann et al., 
2007, De Angeli et al., 2013b). AtALMT9 is expressed in guard cells, and mutant plant 
lacking the channel show reduced stomatal opening (De Angeli et al., 2013b). In this 
chapter, preliminary results about the contribution of the vacuolar anion channel 
AtALMT9 on early seed germination will be presented. It will be shown that AtALMT9 
is highly expressed in seeds of Arabidopsis. By using two independent knock-out 
mutants that lack AtALMT9 and that are therefore impaired in vacuolar anion uptake I 
demonstrate that the anion fluxes mediated by AtALMT9 highly impact on the 
efficiency of seed germination in the presence of high salt concentrations. The analysis 
of a transgenic plant line expressing a mutant channel which exhibits exclusively higher 
constitutive Cl⁻ currents across the tonoplast provides first evidence that in particular 
AtALMT9-mediated Cl⁻ currents are crucial to withstand salinity stress during seed 




The vacuolar anion channel AtALMT9 has been shown in previous studies to be 
expressed in mesophyll cells, guard cells (Kovermann et al., 2007), and the vasculature 
of shoots and roots (Baetz et. al., submitted; Chapter III). In an attempt to determine 
other tissues in which AtALMT9 might be expressed, quantitative real-time PCR 
(qRT-PCR) was conducted using various organs and tissues during different 
developmental stages of Arabidopsis (Figure 1). Plants were grown on plates and in 
sterile cylinders to assess the expression during the complete life cycle. AtALMT9 was 
found to be ubiquitously expressed in the plant, but besides in the shoots, also 
particularly high in reproductive organs such as siliques and flowers (Figure 1). 
Interestingly, the organ in which AtALMT9 showed highest expression was in dry seeds. 
Compared to other AtALMT members that belong to clade II and that are also located 
at the tonoplast (see Chapter II), AtALMT9 is by far the predominant member of this 







Figure 1. AtALMT9 is the Major Vacuolar AtALMT Channel in Dry Seeds. 
(A) qRT-PCR analysis to determine the expression of AtALMT9 in different tissues and organs 
throughout the Arabidopsis life cycle. 
(B) qRT-PCR analysis to determine the relative expression of all clade II AtALMTs in dry seeds. 
The data was normalized to the expression of AtACT2 that served as a reference gene. Data are 
means ± SD of n = 2 biological replicates. 
 
 
To investigate whether AtALMT9 might have a functional role in vacuolar anion uptake 
during early germination, two independent knock-out mutants (atalmt9-1 and 
atalmt9-2) and the corresponding wild-types (wild-type-1 and wild-type-2) that have 
been selected previously (De Angeli et al., 2013b) were used in germination assays. 
Both genotypes were grown on the same plates, and seeds of all germination 
experiments had the same age. Germination was scored as accomplished when the 
radicle had visibly emerged, and greening when the cotyledons started to get coloured. 
Seven days after initiation of germination, steady-state germination and greening rates 
were determined. To challenge water absorption and apply ionic stress to the seeds, the 
assays were performed under different concentrations of supplemental NaCl ranging 
from 0 mM NaCl (control conditions) to 200 mM NaCl (Figure 2). As shown in 
numerous studies, the decrease of external water potential and the increase of toxic ions 
with increasing salt concentrations results in reduced germination as well as greening 
rates in wild-type plants after seven days (Figure 2A and 2B). Under control conditions, 
no significant differences in germination and greening rates between atalmt9-1 mutant 







Figure 2. The atalmt9 Knock-Out Mutant Shows Reduced Seed Germination and 
Greening Rates during Salinity. 
Germination assay of atalmt9-1 and the corresponding wild-type-1 using plates that were 
supplemented with 0 mM, 100 mM, 150 mM and 200 mM NaCl. On every plate both genotypes 
were grown in parallel. 
(A) Picture of representative seeds and seedlings seven days after initiation of germination.  
(B) and (C) Germination (B) and greening rate (C) was scored after seven days. For each 
condition and genotype, a total of 200 seeds were scored that were distributed on two 
independent plates.  
(D) and (E) Time course of germination rate during seven days of germination under 0 mM (D) 
and 100 mM (E) salinity. Germination was scored every 12 hours. For each condition and 






However, germination and greening rates were more reduced in atalmt9 seeds than the 
wild-type seeds when challenged on NaCl-containing plates (Figure 2B and 2C). Seed 
germination appeared to be arrested before the testa ruptured. The difference in salt 
sensitivity got most apparent under moderate salt stress of 100 mM NaCl (20 % lower 
germination rate and 32 % lower greening rate in atalmt9-1 compared to the 
wild-type-1), since even higher NaCl concentrations restricted germination and 
greening rates of both genotypes drastically. Therefore, the subsequent 7-d time course 
conducted to elucidate the kinetics of germination between atalmt9 and wild-type seeds 
was examined on plates containing 0 mM and 100 mM NaCl (Figure 2D and 2E). 
Within the first 24 h the germination rate increased drastically under control conditions. 
This initial period was followed by a lower germination rate, and after day three a 
stagnation of germination was observed. Again, after seven days the germination rate 
of atalmt9 mutants was significantly reduced (12 %) compared to wild-type-1 
exclusively under salinity (Figure 2E). Interestingly, in the knock-out mutants the 
germination rate was also under control conditions slightly delayed (after 24 h 94 % of 
wild-type-1 seeds and 78 % of almt9-1 seeds were germinated; Figure 2D), highlighting 
the necessity of kinetic germination assays, and demonstrating that the application of 
abiotic stress is a powerful tool to strengthen and elucidate phenotypes in seed research.  
The lower steady-state germination and greening rates of mutants lacking the vacuolar 
anion channel AtALMT9 specifically under salinity was confirmed using the second 
allele, atalmt9-2 and the corresponding wild-type-2 (41 % germination and 32 % 
greening compared to 64 % germination and 54 % greening, respectively; Figure 3). In 
this analysis two transgenic complementation lines were included. Firstly, line comp-5 
expresses the genomic DNA of AtALMT9 under the control of its native promoter 
region in the genetic background of atalmt9-2. The corresponding seeds showed as all 
other lines almost 100 % germination and greening rates after seven days under control 
conditions. Moreover, a complementation of the reduced germination and greening 
phenotype of atalmt9-2, and an even slightly more efficient germination and greening 
(79 % and 73 %, respectively) compared to the wild-type-2 was observed under salinity 
(Figure 3). Of note, the expression of AtALMT9 in this line has not yet been compared 
to the expression levels in the wild-type-2, retaining the possibility that differences 







Figure 3. Enhanced Vacuolar Cl⁻ Currents Result in more Efficient Seed Germination 
and Greening upon Exposure to Salinity. 
Germination assay of atalmt9-2, the corresponding wild-type-2, and the complementation line 
comp-5 as well as a transgenic line that expresses the point-mutated channel variant 
AtALMT9E196A (E196A-5-4). The plates were supplemented with 0 mM or 100 mM NaCl. On 
every plate all genotypes were grown in parallel. 
(A) Picture of representative seeds and seedlings seven days after germination was initiated.  
(B) and (C) Germination (B) and greening rate (C) was scored after seven days in one biological 
replicate. For each condition and genotype, a total of 100 seeds were scored. 
 
The second transgenic line, E196A-5-4, expresses a point-mutated channel variant 
(AtALMT9E196A) under the control of the native promoter region of AtALMT9 in the 
genetic background of atalmt9-2. The mutation E196A has been identified in a large-
scale site-directed mutagenesis study (Zhang et al., 2013; Chapter I), and the transgenic 






The transgenic line E196A-5-4 features constitutively enhanced vacuolar inward 
rectifying Cl⁻ currents without changing the expression levels of AtALMT9. The 
magnitude of malate conductivity and the level of malate-activated Cl⁻ currents is not 
altered in this mutant line. Interestingly, it was observed that the constitutive increase 
in vacuolar Cl⁻ uptake improved the germination and greening rate of E196A-5-4 (89 % 
and 85 %, respectively) compared to wild-type-2, featuring an opposite effect as 
atalmt9-2 knock-out mutant plants with reduced vacuolar Cl⁻ fluxes (Figure 3). The 
atalmt9-2 complementation by comp-5 and the enhanced germination and greening rate 
of E196A-5-4 was confirmed in a second experiment using more independent lines of 
the transgenic mutants (comp-1, comp-5, E196-4-5 and E196-11-5; Figure 4). Another 
transgenic line of atalmt9-2 that carries a channel mutation that might influence 
AtALMT9 activity, Y197A-1-5 and Y197A-3-3, showed in these preliminary 
experiments no significant differences compared to line comp-1 and comp-5 (Figure 4). 
The expression levels of AtALMT9 in Y197A-1-5 and Y197A-3-3 as well as detailed 
electrophysiological characterization of this mutant line remains a goal of future 
research. 
 
Figure 4. Germination Rate of Different Complementation Lines.  
Germination assay of the complementation lines comp-1 and comp-5, as well as the transgenic 
line that expresses the point-mutated channel variant AtALMT9E196A (E196A-5-4 and E196A-
11-5) and AtALMT9Y197A (Y197A-1-5 and Y197A-3-3). The plates were supplemented with 
0 mM or 100 mM NaCl. On every plate multiple genotypes were grown in parallel. Germination 
was scored after seven days in one biological replicate. For each condition and genotype, a total 








Seed germination and seedling establishment is the most critical step in a plant’s life. 
Several abiotic constraints such as salt stress result in an arrest of germination to prevent 
growth under unfavorable environmental conditions. Whether the stress component of 
salinity during early seed germination is mainly based on osmotic stress or on ionic 
stress is not well understood. During vegetative growth, early responses to osmotic 
(drought) and salinity stress have been shown to involve overlapping and distinct 
signaling components and pathways (Munns and Tester, 2008), indicating that early 
salt stress is generally not only based on the low water potential surrounding the plant 
but also on ion-specific triggers.  
The present study investigating the function of AtALMT9 during seed germination 
demonstrates that vacuolar Cl⁻ uptake is crucial to regulate early germination events 
that are possibly implemented before or during testa rupture. Seeds of mutant plants 
that lack the vacuolar anion channel showed reduced germination rates under high NaCl 
concentrations, whereas seeds of mutant plants that exhibit a constitutively enhanced 
vacuolar Cl⁻ uptake, but no differences in malate conductivity, showed less sensitivity 
to salinity and germinated even more efficiently than the wild-type. Whether this 
observation is based on the function of AtALMT9 to store Cl⁻ ions into the vacuole of 
seeds to counteract toxicity in the cytosol, or whether the accumulation of Cl⁻ in the 
vacuoles adds to the maintenance of osmotic balance and guarantees water uptake into 
the seed cannot be stated clearly with the given results. Also, the implementation of 
AtALMT9 in both components of salinity stress, the osmotic and the ionic, might be 
possible. Nevertheless, the results gained so far in this project indicate that the 
predominant role of AtALMT9 during salinity might be the osmotic balance acquisition 
in order to allow water uptake. One indication for that comes from the developmental 
stage at which the germination arrests in atalmt9 mutant seeds. Before testa rupture, the 
physiology of seeds is mainly characterized by rapid water uptake (imbibition) in order 
to allow vacuolation, seed swelling and re-activation of metabolism. The second hint 
for a role of AtALMT9 in osmotic homeostasis during seed germination comes from 






concentrations in the external medium were far from being toxic. Yet, it has been 
observed that germination rates were delayed in atalmt9-1 mutants compared to 
wild-type-1 seeds. The defects in seed germination in the mutant became apparent in 
steady-state germination rates only when the external water potential was decreased by 
salinity. Delayed germination under control conditions and amplification of the 
phenotype under salinity points towards a role of AtALMT9 in osmotic rather than ionic 
stress tolerance. The importance of AtALMT9 in solute uptake in order to maintain 
water accumulation and turgor has been shown in guard cells, since a lack of the channel 
in atalmt9 mutants resulted in reduced light-dependent stomatal opening (De Angeli et 
al., 2013b)  
Further experiments are required to dissect AtALMT9 function during seed 
germination. Firstly, more detailed expression analysis could contribute to understand 
AtALMT9 mode of action. For instance, qRT-PCR investigating AtALMT9 expression 
levels could be performed not only on dry seeds, but also using imbibed seeds, or upon 
radicle emergence. Furthermore, more precise determination of AtALMT9 cell type 
expression in seeds will be of interest and can be obtained in further research by 
transgenic promoter:GUS reporter plants described in another study (Baetz et al., 
submitted; Chapter III). 
Secondly, more germination assays under various ionic and osmotic conditions will add 
to understand the role of AtALMT9 in seed germination. For instance, the effects of the 
application of external KCl, NaNO₃ or sorbitol on germination rates of atalmt9 and 
wild-type seeds will have to be compared. Based on the outcome, several conclusions 
could be drawn about the nature of stress that AtALMT9 activity counteracts in seeds. 
The seed germination process is under intense hormonal control (reviewed in 
Weitbrecht et al., 2011, Daszkowska-Golec, 2011). The phytohormone ABA, for 
instance, regulates the germination at the stage after the testa has ruptured and targets 
the endosperm. It plays a key role in integrating environmental information and seed 
germination. Exposure of seeds to external ABA inhibits endosperm rupture and 
therefore germination (Müller et al., 2006). Some plant channels have been shown to 
be regulated by ABA signaling pathways (Geiger et al., 2009, Imes et al., 2013, Geiger 






towards a differential sensitivity to ABA responses (e.g. Gosti et al., 1999, Merlot et 
al., 2001). Hence, investigating the germination rate under external ABA might 
contribute to the understanding of the role and putative pathway of AtALMT9 action 
during germination.  
 
5.4. Material and Methods 
 
Construct Design and Plant Transformation 
The two independent T-DNA insertion lines of ALMT9 (almt9-1: WiscDsLox499H09; 
almt9-2: SALK_055490) were described in a previous study (De Angeli et al., 2013b). 
To generate complementation lines (comp) ALMT9 and its upstream promoter region 
(548 bp) were amplified from wild-type genomic DNA and cloned into pPLV22 (De 
Rybel et al., 2011). The construct was transformed into almt9-2 and positive 
transformation events were selected by BASTA. Arabidopsis was stable transformed 
via Agrobacterium tumefaciens using the floral dipping method (Clough and Bent, 
1998). Construction and selection of the lines E196A have been described previously 




For germination assays, seeds of the same age have been used. Seeds were 
ethanol-sterilized. Subsequently, seeds were pipetted in a defined distance on plates, 
and every plate contained each genotype. Seeds were stratified by keeping the plates 
for 2 d at 4 °C in darkness The plate medium was composed as followed: a final 
concentration of 1 mM KNO₃, 0.15 mM Ca(NO₃)₂, 0.7 mM NaNO₃, 42.5 µM 
FeNaEDTA, 0.5 mM MgSO₄, 0.625 mM KH₂PO₄, 2 mM NaCl, 0.1 µM CoCl₂, 0.1 µM 
CuSO₄, 50 µM H₃BO₃, 5 µM KI, 24 µM MnSO₄, 0.5 µM Na₂MoO₄, 30 µM ZnSO₄, 
3 mM MES-KOH, pH 5.6, and 1 % phytoagar was used. Germination was initiated by 
illumination in a growth chamber (21 °C, 16 h light /8 h dark) in which seeds remained 






(Nikon SMZ1500). For kinetic experiments, germination was evaluated and scored 
every 12 h. Representative pictures of seeds were captured with a digital reflex camera 
from Canon.  
 
Quantitative Real-Time PCR 
Quantitative Real-Time PCR in different tissues and organs of vacuolar AtALMTs in 






















6. Chapter V:  
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Abstract Vitis vinifera L. represents an economically
important fruit species. Grape andwine flavour is made from
a complex set of compounds. The acidity of berries is amajor
parameter in determining grape berry quality for wine
making and fruit consumption. Despite the importance of
malic and tartaric acid (TA) storage and transport for grape
berry acidity, no vacuolar transporter for malate or tartrate
has been identified so far. Some members of the aluminium-
activated malate transporter (ALMT) anion channel family
from Arabidopsis thaliana have been shown to be involved
in mediating malate fluxes across the tonoplast. Therefore,
we hypothesised that a homologue of these channels could
have a similar role in V. vinifera grape berries. We identified
homologues of the Arabidopsis vacuolar anion channel
AtALMT9 through a TBLASTX search on the V. vinifera
genome database. We cloned the closest homologue of
AtALMT9 from grape berry cDNA and designated it
VvALMT9. The expression profile revealed that VvALMT9
is constitutively expressed in berry mesocarp tissue and that
its transcription level increases during fruit maturation.
Moreover, we found that VvALMT9 is targeted to the vac-
uolar membrane. Using patch-clamp analysis, we could
show that, besides malate, VvALMT9 mediates tartrate
currents which are higher than in its Arabidopsis homologue.
In summary, in the present study we provide evidence that
VvALMT9 is a vacuolar malate channel expressed in grape
berries. Interestingly, in V. vinifera, a tartrate-producing
plant, the permeability of the channel is apparently adjusted
to TA.
Keywords Anion transport ! Grape berry ripening !
Ion channel ! Malic acid ! Tartaric acid ! Vacuole
Abbreviations








AttDT Arabidopsis thaliana tonoplast dicarboxylate
transporter
DAF Days after flowering
Introduction
Grape berries (Vitis vinifera L.) exhibit a double-sigmoid
growth pattern that results from two successive periods of
vacuolar swelling during which the nature of accumulated
solutes changes significantly (Coombe 1992). During the
first period, called green or herbaceous stage, berries
accumulate mainly organic acids in the vacuole [predom-
inantly malic acid (MA) and tartaric acid (TA)] and have a
constant vacuolar pH of 2.5 (Terrier et al. 2001). At the
onset of ripening (ve´raison), berries often become coloured
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and start to accumulate sugars. At maturity, the concen-
trations of glucose and fructose may be higher than 1 M
(Coombe 1976; Terrier et al. 2001). In parallel, their
organic acid content decreases, whereby the vacuolar pH
increases to about 3.5 (Terrier et al. 2001). Tartaric and
malic acid generally account for 69–92 % of all organic
acids in grape berries, and both of them reach maximal
concentrations at the end of the green stage (Conde et al.
2007). However during ripening, the content of MA in
berries continuously decreases, while that of TA remains
constant. The acidity of berries is a major parameter
determining their quality. The overall consumer apprecia-
tion is more related to the titratable acidity/sugar content
than to the soluble sugars alone. Besides flavour and col-
our, the pH of grapes at harvest is a critical parameter for
vinification. Wine pH depends on three major factors: the
total amount of acids, the ratio of MA to TA and the
concentration of potassium (Conde et al. 2007).
Despite their similar chemical nature, MA and TA
synthesis follow different pathways. The biosynthesis of
TA starts with L-ascorbic acid (AA) and is still not fully
understood (Saito and Kasai 1969). The accumulation of
TA resulting in high levels in mature berries suggests a
strongly active metabolic pathway that may compete for
AA with redox-associated functions more commonly
linked to in vivo AA pools (Melino et al. 2009). In contrast,
the precursor of MA is sucrose which is translocated from
the leaves to the green berries. The main enzymes involved
in malate synthesis (phosphoenolpyruvate carboxylase,
PEPC and malate dehydrogenase, MDH) have been iden-
tified and shown to be active in grape berries (Taureilles-
Saurel et al. 1995a, b; Fernie and Martinoia 2009; Sweet-
man et al. 2009). Instead, the decrease in acid content
during grape berry ripening has been mainly associated
with mitochondrial malate oxidation, most likely by malic
enzyme (ME) (Kanellis and Roubelakis-Angelakis 1993).
Tonoplast transporters of MA and dicarboxylic acids
have long been sought given the imperative vacuolar
storage of these compounds. Emmerlich et al. (2003)
identified the Arabidopsis thaliana tonoplast dicarboxylate
transporter (AttDT) in mesophyll cells at the molecular
level. Subsequently, members of the aluminium-activated
malate transporter (ALMT) gene family (A. thaliana
ALMT9 and 6) were identified to encode vacuolar malate
channels in mesophyll and guard cells (Kovermann et al.
2007; Meyer et al. 2011).
The amount of MA and TA has a fundamental impact on
grape berry quality for the wine-making industry (Conde
et al. 2007). Despite the importance of MA and TA
transport processes in grape berries, no vacuolar transporter
for malate has been identified in V. vinifera until now and
to the best of our knowledge no tartrate transporter/channel
has been reported in plants. Therefore, in the present work
we tried to fill this lack of information aiming at identi-
fying a malate/tartrate transporter in V. vinifera. We
hypothesised that an AtALMT9 homologue could code for
a vacuolar malate/tartrate channel in grape berries. Here,
we describe the cloning and characterisation of a grape
berry ALMT (V. vinifera ALMT). We identify VvALMT9
and show that it is able to mediate malate and tartrate
accumulation in the vacuole of grape berries.
Materials and methods
Plant material
Berry samples (V. vinifera cv. Aragonez) were collected
from an experimental plot at the commercial vineyard
Monte dos Seis Reis (South of Portugal, Estremoz, Portu-
gal). Berries were collected during the summer season of
2007 in pre-ve´raison (49DAF), ve´raison (68DAF), matu-
ration (81 DAF) and full maturation stage (97 DAF).
Collected berries were immediately frozen in liquid nitro-
gen and stored at -80 !C before usage.
Molecular cloning of VvALMT9
Total RNA was extracted from mature mesocarp (pulp)
tissues using the method of Reid et al. (2006). Mesocarp
tissue was ground in liquid nitrogen to a fine powder and
immediately added to pre-warmed RNA extraction buffer.
RNA was purified using the RNeasy kit (Qiagen) in the
presence of DNaseI according to manufacturer’s instruc-
tions (RNase-Free DNase Set; Qiagen). Full-length cDNAs
were synthesised using RT included in the LongRange
2Step RT-PCR kit (Qiagen) according to the manufac-
turer’s instructions. VvALMT9 full-length cDNA was
amplified using the high fidelity DNA polymerase Phu-
sion
TM
(Finnzymes). The resulting PCR product was cloned
into pDONR
TM
221 as entry vector and pH7FWG2
TM
as
destination vector (Gateway" Technology, Invitrogen).
Phylogenetic analysis
The V.vinifera genome (http://www.cns.fr/spip/Vitis-
vinifera-e.html), phytozome (http://www.phytozome.net)
and the National Center for Biotechnology Information
(NCBI; http://www.ncbi.nlm.nih.gov/) databases were
screened using AtALMT9 (At3g18440) as query to find
homologous grapevine sequences. Multiple sequence
alignments were performed with the ClustalW algorithm
(http://align.genome.jp/) using default parameters
(Thompson et al. 1994). The phylogenetic analysis was




Overexpression of VvALMT9-GFP and AtALMT9-
GFP in Nicotiana benthamiana
For transient overexpression (Kovermann et al. 2007) of
VvALMT9-GFP and AtALMT9-GFP, the cDNA was
cloned into pH7FWG2
TM
or the pART27 vector, respec-
tively. The Agrobacterium-mediated infiltration of
N. benthamiana leaves was performed as described with
slight modifications (Holsters et al. 1980). After Agrobacte-
rium-mediated infiltration, tobacco plants were grown in the
greenhouse (16 h light/8 h dark, 25 !C). 2–3 days after the
Agrobacterium-mediated infiltration, the transformed leaves
were used to extract protoplasts and vacuoles for confocal
microscopy and patch-clamp experiments. N. benthamiana
seeds were derived from own stocks.
Intracellular localisation of VvALMT9-GFP
Protoplasts and vacuoles of N. benthamiana leaves over-
expressing VvALMT9-GFP were isolated as described for
patch-clamp experiments. Microscopy was conducted
using a Leica DMIRE2 (http://www.leica-microsystems.
com) laser scanning microscope. The microscope was
equipped with a 639 glycerol objective. For image
acquisition, the appropriate Leica confocal software was
used. GFP fluorescence was imaged at an excitation
wavelength of 488 nm, and the emission signal was
detected between 500 and 530 nm.
Gene expression of VvALMTs
Total RNA was extracted from 150 mg grape berry pulp
(mesocarp) using the RNeasy Plant Mini Kit (Qiagen)
following the manufacturer’s instructions. An on-column
DNase I digestion step was included. Total RNA (1 lg)
was reverse transcribed using M-MLV reverse transcrip-
tase (Promega) and oligo (dT) priming. Transcript levels
were determined by quantitative real-time PCR using the
7500 Fast Real-Time PCR System (Applied Biosystems)
with the 7500 Software version 2.0.4. Reactions were
performed in a final volume of 20 lL with 5 lL cDNA
(diluted 1:10), 0.25 lM gene-specific primers and 10 lL
SYBR Green PCR Master Mix (Applied Biosystems).
Reaction conditions for the thermal cycling were as fol-
lows: after enzyme activation at 95 !C for 10 min, ampli-
fication was carried out in a two-step PCR procedure with
40 cycles of 15 s at 95 !C for denaturation and 1 min at
60 !C for annealing/extension. All reactions were per-
formed in technical triplicates of three biological repli-
cates. Gene primer sequences used in the qRT-PCR
analyses were as follows: VvALMT5 forward 50-GAGT
GCCAGCTCCTTGTCTT-30, VvALMT5 reverse 50-TTT
TGGAGCTGGAAGGTCCG-30; VvALMT6 forward 50-G






tion curves were analysed to verify the specificity of each
amplification reaction; the dissociation curvewas obtained by
heating the amplicon from60 to 95 !C. Transcript levels were
calculated using the standard curve method and normalised
against the VvActin gene (GU585869) as described by (Pfaffl
2001).
Protoplast preparation and patch-clamp recordings
on isolated vacuoles
Tobacco leaves were gently scratched on the abaxial side
and floated in the enzymatic solution for 30–45 min at
30 !C. The enzyme solution contained 0.3 % (w/v) cel-
lulase R-10, 0.03 % (w/v) pectolyase Y-23, 1 mM CaCl2,
500 mM sorbitol and 10 mM Mes, pH 5.3. Protoplasts
were washed twice and resuspended in solution without
enzymes. Vacuoles were isolated by calcium and osmotic
shock. Membrane currents were recorded using the patch-
clamp technique as described elsewhere (Meyer et al.
2011). Briefly, currents were recorded with an EPC10
patch-clamp amplifier (HEKA electronics) using the
Patchmaster software (HEKA Electronics, Lambrecht/
Pfalz, Germany). Data were analysed with the FitMaster
software (HEKA electronics). Following the formation of
giga seals between the patch pipette and the vacuolar
membrane, the excised vacuole-side-out patches were
obtained after having established the whole-vacuole con-
figuration by pulling the pipette away from the vacuole.
Pipette solutions contained 112 mM MA, 5 mM HCl and
3 mM MgCl2 adjusted to pH 6.0 with 100 mM 1,3-
bis[tris(hydroxymethyl)methylamino]propane (BTP). The
standard bath solution contained 100 mM MA, 160 mM
BTP, 3 mM MgCl2 and 0.1 mM CaCl2, pH 7.5. For
selectivity studies, MA in the standard bath solution was
replaced by equimolar amounts of TA. The osmotic
pressure of all solutions was 550 mOsm adjusted with
D-sorbitol. Ionic solutions bathing the vacuole were
exchanged by a gravity-driven perfusion system coupled
to a peristaltic pump. Current–voltage characteristics were
either obtained by subtracting the current at t = 0 from
the quasi-stationary currents (averaging the last 50 ms of
the current trace) elicited by main pulses; or from the
value of the tail currents (at t = 0) fitted by a monoex-





Cloning VvALMT9, a homologue of the Arabidopsis
vacuolar channel AtALMT9 from Vitis vinifera
Since two members of the ALMT family from A. thaliana
(AtALMT9 and 6; Kovermann et al. 2007; Meyer et al.
2011) have been demonstrated to mediate malate fluxes
across the tonoplast, we hypothesised that ALMTs could
have a similar role in V. vinifera berries. To identify a
homologue of the Arabidopsis vacuolar anion channel
AtALMT9 (At3g18440; Kovermann et al. 2007), we per-
formed a TBLASTX search on the genome database of
V. vinifera (http://www.phytozome.net) using the cDNA
of this channel as a query. The search identified five
sequences displaying a significant similarity to AtALMT9
(e value B 10-30). We found that the genomic sequence
GSVIVG01008270001 exhibited the highest degree of
similarity (e value = 10-161). We cloned the grape berry
cDNA of the closest homologue of AtALMT9 from mRNA
extracted from the mesocarp of grape berries and designated
it VvALMT9 (Fig. 1). The alignment of the cloned cDNA
sequence with the Vitis genome revealed that the VvALMT9
gene consisted of six exons coding for a protein of 588
amino acids. VvALMT9 displays a high degree of identity
with AtALMT9 (64 %). To further analyse the ALMT
family in V. vinifera we performed additionally a BLAST
search on the Vitis proteome (http://www.phytozome.net)
using the AtALMT9 amino acid sequence. A dendrogram
based on the amino acid similarity indicates that the 13
members of the ALMT family in V. vinifera are grouped in
three clades as in Arabidopsis (Fig. 1). Notably, even if the
total number of ALMTs is similar in Arabidopsis (14
members) and Vitis (13 members), the number of members
per clade is different between the two species. Clade I, to
which AtALMT1 (Hoekenga et al. 2006) belongs, contains
in V. vinifera eight members, while it includes five members
in A. thaliana. Clade II is represented in V. vinifera by four
members. In contrast, in A. thaliana clade II contains five
members including AtALMT9 and 6 (Kovermann et al.
2007; Meyer et al. 2011). Interestingly, clade III incorpo-
rates only one member in V. vinifera, whereas in Arabid-
opsis there are four members, amongst them AtALMT12
(Meyer et al. 2010).
VvALMT9 expression levels increase during grape
berry development
To elucidate whether the members of VvALMT clade II
including VvALMT9 could feature physiological relevance
during fruit development and maturation, we conducted
expression profile analysis using quantitative real-time
PCR. On that purpose, grape berry mesocarp tissue was
used to extract RNA at different developmental stages of
the fruit. Despite not detecting significant expression levels
for VvALMT6 and marginal transcription of VvALMT13
in this tissue, the other clade members VvALMT9 and
VvALMT5 were substantially transcribed in berries at all
examined stages (Fig. 2). In the green phase (49 days after
flowering, DAF) and at the onset of ripening (68 DAF)
transcript levels of VvALMT9 were lower relative to the
fully developed fruit. After induction of the ripening pro-
cess (81 and 97 DAF), expression levels rose approxi-
mately four times. VvALMT13 showed generally a less
pronounced expression magnitude than VvALMT9, but a
similar tendency of transcriptional up-regulation during
fruit development. In contrast, VvALMT5 was constantly
highly expressed throughout maturation, therefore repre-
senting the prevalent member of clade II VvALMTs in
grape berries. Thus, with the expression profile we dem-
onstrate that VvALMTs are constitutively transcribed in
grape mesocarp tissue. Further, VvALMT9 transcript lev-
els experience a marked increase throughout the ripening
process. Altogether, these results suggest that clade II
VvALMTs might be involved in grape berry maturation.
Fig. 1 Dendrogramof theALMTprotein family inV.vinifera. Basedon
multiple amino acid sequence alignments using ClustalW (Thompson
et al. 1994) the 13 members of the VvALMT protein family were
classified into three main clades as in A. thaliana. Clade I members:
VvALMT1, VvALMT2, VvALMT3, VvALMT4, VvALMT7,
VvALMT8, VvALMT10 and VvALMT11 (GSVIVT01036162001,
GSVIVT01037570001, GSVIVT01037569001, GSVIVT01036157
001, GSVIVT01011122001, GSVIVT01011148001, GSVIVT0101
9627001, GSVIVT01027186001). Clade II members: VvALMT5,
VvALMT6, VvALMT9 and VvALMT13 (GSVIVT01011922001,
GSVIVT01011922001b, GSVIVT01008270001, GSVIVT010194
47001). Clade III: VvALMT12 (GSVIVT01013184001). The ALMTs
from A. thaliana that have been already characterised are inserted in the
dendrogram. Branch lengths are given in relative units illustrating the
level of occurred evolutionary change
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VvALMT9 is localised in the tonoplast
To investigate the subcellular localisation of VvALMT9,
we generated a construct encoding the VvALMT9 protein
with a C-terminal GFP fusion in pH7FWG2 (Gateway!
Technology, Invitrogen). Subsequently, we transiently
expressed VvALMT9 in N. benthamiana leaves by agro-
infiltration (Holsters et al. 1980). Confocal laser scanning
microscopy analysis of vacuoles extracted from lysed
protoplasts of transiently transformed tobacco leaves
allowed localising VvALMT9-GFP in the tonoplast
(Fig. 3a). These data indicate that VvALMT9 is targeted to
the vacuolar membrane as its counterpart in Arabidopsis.
VvALMT9 is an ionic channel mediating malate
currents
The localisation of VvALMT9 in the tonoplast allowed using
the patch-clamp technique to characterise the properties of the
putative ion channel. Electrophysiological experiments were
conducted on vacuoles obtained from N. benthamiana pro-
toplasts transiently transformed with the VvALMT9-GFP
construct.Vacuoles expressingVvALMT9-GFPwere selected
by their fluorescence signal under the microscope and chosen
for patch-clamp experiments in excised cytosolic-side-out
configuration (i.e. with the cytosolic side of the membrane
exposed to the bath solution). As a first step we compared the
currents that could be measured in vacuoles from excised
patches fromnon-transformed and transformed cells (Fig. 3b).
We found that in symmetric malate concentrations
(100mM malate2!cyt and 100mM malate
2!
vac), patches from
fluorescent vacuoles displayed a voltage-dependent inward
current with a time of half activation of t1/2 = 290 ± 20 ms
reminiscent of the currents observed in AtALMT9 and
AtALMT6 overexpressing vacuoles (Kovermann et al. 2007;
Meyer et al. 2011). In patches of transformed vacuoles, we
measured current amplitudes of -1.6 ± 0.2 nA, while in
patches from non-transformed vacuoles the detected ampli-
tudes were-0.10 ± 0.01 nA at-100 mV (Fig. 3c). The ten
times higher currents found in patches from transiently trans-
formed vacuoles indicate that VvALMT9 is able to mediate
ionic currents across the tonoplast. To verify whether the
currents observed in VvALMT9 transformed vacuoles are
mediated by malate, we switched the cytosolic side solution
from 100mM malate2!cyt to 10mM malate
2!
cyt and followed the
reversal potential and the change in current amplitude (Fig. 4).
During the exchange of the cytosolic side solution, the currents
mediated by VvALMT9 decreased from -1.6 ± 0.2 nA in
100mM malate2!cyt to -0.19 ± 0.09 nA in 10 mM malate
2!
cyt
at -100 mV (Fig. 4b). In 100 mM malate2!cyt and
Fig. 2 Quantitative real-time PCR expression profile of VvALMTs
in grape berry mesocarp. Displayed are expression profiles of
VvALMT9, VvALMT5 and VvALMT13 in mesocarp tissue during
fruit development and ripening (49–97 days after flowering, DAF).
VvActin (GU585869) served as a reference gene. Relative expression
levels of VvALMTs were normalised to VvALMT9 at 49 DAF.
Results represent the mean ± standard deviation (SD) of three
biological replicates
Fig. 3 Intracellular localisation and anion conductivity of
VvALMT9-GFP. a Transmission, GFP fluorescence and chlorophyll
autofluorescence images showing the tonoplastic localisation of
VvALMT9-GFP in an isolated vacuole after lysis of N. benthamiana
protoplasts which transiently overexpressed VvALMT9-GFP.
b Representative malate current recordings of non-transformed and
VvALMT9-GFP overexpressing vacuoles obtained from patches in
excised cytosolic-side-out configuration. Currents were elicited with
3 s voltage pulses ranging from ?60 to -120 mV in -20 mV steps
followed by a 1.5 s tail pulse at ?60 mV. The holding potential was
?60 mV. c Mean current–voltage relationships of vacuolar patches of
non-transformed (filled triangles; n = 4) and VvALMT9-GFP over-









10 mM malate2!cyt , the measured reversal potential was
?1±1 mV and -29 ± 1 mV, respectively (Fig. 4d). In both
cases, these reversal potentials approximate the Nernst
potential of malate2- in the investigated conditions
(ENernstð100mM malate2!cyt ¼ 0mV and ENernstð100mM
malate2!cyt ¼ !28mV). Therefore, these data show that the
current observed in VvALMT9 expressing vacuoles is carried
by malate.
VvALMT9 can transport tartrate better than AtALMT9
During the green stage, grape berries accumulate large
amounts of MA and TA in the vacuole. Therefore, we were
interested in whether VvALMT9 is able to mediate tartrate
currents beside malate currents. We conducted a parallel
study of TA permeation in AtALMT9 and VvALMT9
(Fig. 5). By exchanging 100mM malate2!cyt with
100mM tartrate2!cyt , we observed that both VvALMT9 and
AtALMT9 expressing vacuoles could mediate tartrate
currents. Referring to the malate currents, the tartrate
currents had 61 ± 6 % and 48 ± 4 % of the amplitude at
-100 mV in VvALMT9 and AtALMT9, respectively
(Fig. 5c). Interestingly, the ratio between the currents of
tartrate and malate (ITA/IMA) indicates that VvALMT9 is
more conductive for tartrate than AtALMT9 (Fig. 5d).
Moreover, the current ratio increases with the applied
membrane potential (Fig. 5d). This slight voltage
Fig. 4 Analysis of malate inward fluxes across the tonoplast mediated
by VvALMT9. a Representative current traces measured in excised
cytosolic-side-out patches ofVvALMT9-overexpressingvacuoles in the
presence of 100 mMcytosolicmalate and after the exchange to a 10 mM
cytosolic malate solution at different applied membrane potentials.
Currents were elicited with 3 s voltage pulses ranging from ?60 to
-120 mV in -20 mV steps followed by a 1.5 s tail pulse at ?60 mV.
The holding potential was ?60 mV. b I–V curves comparing the
voltage-dependent inward current of VvALMT9 between 100 mM
(open circles; n = 7) and 10 mM (filled circles; n = 7) cytosolicmalate
concentrations. cCurrent traces representing the tail current of patches in
100 and 10 mMmalate at the cytosolic side. Currents were elicited by an
activating pre-pulse at-100 mV(2 s), followedby a series of test pulses
ranging from ?30 to -20 mV (100mMMA
2!
cyt) and ?10 to -40 mV
(10 mM MA
2!
cyt) in -10 mV steps (1 s). The holding potential was
at?60 mV. d Corresponding reversal potentials obtained from a linear fit
of the mean current–voltage relations of instantaneous tail currents from
patches of vacuoles overexpressing VvALMT9 in 100 mM (open circles;
n = 4) and 10 mM malate (filled circles; n = 4) in the cytosolic bath
solution. The values of the instantaneous tail currents derived from a
monoexponential fit of the tail current responses. The theoretical Nernst
potential of malate2- in 100 mM symmetrical malate conditions is
ENernstð100mMMA2!cyt Þ ¼ 0mV and in 10 mM cytosolic malate2- con-
centrations it is ENernstð100mMMA2!cyt Þ ¼ !28mV. Error bars are ±SE
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dependency of the ITA/IMA ratio is more pronounced in
AtALMT9 than in VvALMT9 (in Fig. 5d the slope of the
fitted line is 0.004 mV-1 for VvALMT9 and 0.006 mV-1
for AtALMT9). Notably, we illustrate in an equally con-
ducted set of experiments that when exchanging from
100mMmalate2!cyt to 100mM succinate
2!
cyt that this dicar-
boxylic acid is likewise transported by VvALMT9 and
AtALMT9 (Fig. 5d). The succinate currents were 76 ± 2
and 74 ± 3 % of the currents in malate in VvALMT9 and
AtALMT9 at -100 mV, respectively. This indicates that
the permeability of succinic acid is identical between the
homologous channels of Arabidopsis and V. vinifera. In
summary, the data show that both VvALMT9 as well as
AtALMT9 are slightly less permeable for tartrate than for
malate and succinate. Nonetheless, the ratio ITA/IMA pro-
vides evidence that VvALMT9 conducts tartrate ions better
than AtALMT9. Taken together, these results indicate that
both, MA and TA, can be transported in the vacuoles of V.
vinifera berries through VvALMT9. Hence, VvAtLMT9 is
the first malate and tartrate channel identified so far in
grape berries.
Discussion
In V. vinifera, the accumulation of organic acids in the
vacuole is involved in berry development and has a great
impact on the final quality of grapes from an agronomical
point of view. In this species, the data on the vacuolar
transporters involved in the accumulation of MA and TA in
berry vacuoles are scarce and no information is available
concerning their molecular identity. Based on previous
studies in A. thaliana (Kovermann et al. 2007; Meyer et al.
2011), we hypothesised that members of the ALMT family
Fig. 5 Comparison between the ion selectivity of VvALMT9 and
AtALMT9 formalate and tartrate. a, bRepresentative currents recorded
in the presence of 100mMmalate
2!
cyt (left traces) and 100mM tartrate
2!
cyt
(right traces). The cytosolic malate solution was exchanged with a
tartrate solution while keeping the same patches from vacuoles
overexpressing VvALMT9 (a) and AtALMT9 (b). Currents were
elicited with 3 s voltage pulses ranging from ?60 to -120 mV in
-20 mV steps followed by a 1.5 s tail pulse at ?60 mV The holding
potentialwas?60 mV. cCorresponding current amplitudeplots derived
from excised cytosolic-side-out patches from VvALMT9
overexpressing vacuoles exposed to 100 mM malate (filled circles)
and 100 mM tartrate (filled squares, n = 4), as well as from AtALMT9
overexpressing vacuoles exposed to 100 mM malate (open circles;
n = 4) and 100 mM tartrate (open squares; n = 4). d Ratio between
succinate and malate currents mediated by ALMT9 of V. vinifera (filled
diamonds) and A. thaliana (open diamonds) and ratio between tartrate
and malate currents mediated by ALMT9 of V. vinifera (filled squares)
and A. thaliana (open squares) plotted as a function of the applied
membrane potential. Error bars denote ±SE
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could be involved in the vacuolar accumulation of MA and
TA in V. vinifera berries. In a preliminary phylogenetic
analysis, we found that 13 members of the ALMT family
can be identified in the V. vinifera genome (Fig. 1). The 13
VvALMTs cluster in three clades that correspond to the
clades previously described in Arabidopsis (Kovermann
et al. 2007). However, the number of members per clade is
different between the two species with clade I being
overrepresented and clade III harbouring a single member
in V. vinifera (Fig. 1). Instead, clade II to which
VvALMT9 belongs is represented by a similar number of
members in grapevine (Kovermann et al. 2007). We found
that when transiently expressed in tobacco leaves,
VvALMT9-GFP is localised in the tonoplast as AtALMT9-
GFP (Fig. 3a). Further electrophysiological analysis on
excised cytosolic-side-out patches of vacuoles obtained
from transiently transformed tobacco protoplasts allowed
us to demonstrate that VvALMT9 was able to mediate an
inward rectifying malate and tartrate current facilitating the
accumulation of these dicarboxylic acids in the vacuoles of
grape berries (Figs. 4, 5). The comparison between the
substrate selectivity properties of VvALMT9 and AtAL-
MT9 reveals that VvALMT9, like AtALMT9, transports
malate and succinate better than tartrate (Fig. 5). None-
theless, VvALMT9 is able to catalyse the transport of TA
more efficiently than AtALMT9, which is in contrast to the
transport of succinic acid, a metabolic intermediate which
is not accumulated substantially in grape berries. This
functional difference between the two homologous proteins
is intriguing since grape berries are one of the few fruits
accumulating significant amounts of TA (Saito and Kasai
1968).
The extremely acidic pH values found in grape vacuoles
in the green stage (*2.5) allow the accumulation of MA
and TA via a passive transport system like an anion
channel. Indeed, at this pH 99 % of MA and TA are in the
fully protonated or monovalent form (pK1;MAA ¼ 3:40;
pK2;MAA ¼ 5:11; pK1;TAA ¼ 2:98; pK2;TAA ¼ 4:34; Weast
and Astle 1982–1983). The ALMTs are known to mediate
only the transport of the divalent form of dicarboxylic acids
(Meyer et al. 2011). Hence, in grape berries TA and MA
can be taken up from the neutral cytosol across the tono-
plast as divalent anions (MA2- and TA2-). Once in the
vacuole at pH 2.5, these acids become neutral or mono-
valent which prevents the conduction by anion channels
back to the cytosol. This mechanism, known as ion trap-
ping (Briggs et al. 1987), facilitates loading of grape berry
vacuoles with MA and TA (Fig. 6). The unidirectional acid
flux might explain the requirement of less anion channels
during the green stage compared to the mature grape berry
as represented by lower expression levels of VvALMT9
(Fig. 2). The decline in vacuolar acidity observed
systematically during grape berry ripening was shown to be
accompanied by an increase in tonoplast passive diffusion
(Terrier et al. 2001). The up-regulation of global VvALMT
expression could consequently be a counteraction for
excessive MA and TA decompartementation through anion
leakage. Similarly, the rise of mRNA and protein abun-
dance of both vacuolar proton pumps in grape berries
during maturation was suggested to partly compensate for
passive permeability of the tonoplast (Terrier et al. 2001).
A second explanation for the transcriptional up-regulation
of VvALMT9 could be an involvement in releasing organic
acids from the vacuole during maturation. In late stages of
ripening, the vacuolar pH rises to 3.5–4. Under these
conditions, a minor proportion of the vacuolar MA would
dissociate into the divalent form (MA2-) and be a substrate
of VvALMT9. It is therefore possible that the channel
catalyses the release of MA2- from the vacuole to the
cytosol at this particular phase of development. However,
although we cannot exclude this second hypothesis per se,
our data demonstrate that anion fluxes mediated by
VvALMT9 are directed into the vacuole, thus supporting a
role of VvALMT9 in counteracting excessive organic acid
decompartementation during maturation.
In conclusion, in the present work we provide evidence
that malate and tartrate can be accumulated in the vacuoles
of V. vinifera berries by VvALMT9. Hence, the present
findings represent a step towards understanding
Fig. 6 The ion-trapping mechanism results in vacuolar malate
accumulation in grape berries. In the cytosol at pH 7.5, MA is
present in its fully deprotonated divalent form malate2- (MA2-).
MA2- can be transported by the inward rectifier VvALMT9 into the
vacuole. Once in the extremely acidic vacuole of grape berries
(pH = 2.5–3), MA2- becomes protonated and accumulates mainly as
MAH2 or in the monovalent form, MAH
-. Both forms of MA are not
permeable through ALMTs and thus they are trapped in the vacuolar
lumen. The unidirectional flux of malate forms the basic principle of
its vacuolar accumulation to high levels. Tartaric acid can be
accumulated in the vacuole by the same ion-trapping mechanism
since the acidity constants are pK1;TAA ¼ 2:98 and pK2;TAA ¼ 4:34
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carboxylate metabolism and storage in grapes which are
crucial factors impacting wine quality and production.
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7. Conclusion and Outlook 
 
The investigation of vacuolar ALMTs started not even 10 years ago when Kovermann 
and coworkers showed that the Arabidopsis thaliana AtALMT9 is a channel that is 
localized in the vacuolar membrane and that is capable of mediating malate inward 
rectifying currents corresponding to anion uptake into the vacuole (Kovermann et al., 
2007). Ever since, but in particular in the past few years during which it got for instance 
apparent that AtALMT9 also mediates Cl⁻ currents (De Angeli et al., 2013b), our 
knowledge about this vacuolar anion channel increased rapidly and progressively. 
Although several studies exist nowadays about the structural organization and function 
of ALMT9 channels at the tonoplast of Arabidopsis and Vitis Vinifera (inter alia 
presented in this thesis), our knowledge is far from being saturated.  
As the functions of the vacuole are diverse, also a vacuolar anion channel such as 
ALMT9 can fulfill multiple roles in plant physiology. In this thesis, the aim was to 
characterize ALMT9 channels on the molecular, structural and functional level. Taken 
together, I present several physiological processes in which ALMT9 proteins are 
involved, such as malate accumulation in grape berries (Chapter V; De Angeli et al., 
2013a), and seed germination (Chapter IV) and the regulation of long-distance Na⁺ and 
Cl⁻ transport during salinity in Arabidopsis (Chapter III; Baetz et al., submitted). In 
addition, it has been shown that AtALMT9 is involved in stomatal opening and drought 
resistance (De Angeli et al., 2013b). The complexity to study and evaluate ALMT9 
channel functions was even more increased with the finding that Arabidopsis 
AtALMT9 is composed of several subunits (Chapter I; Zhang et al., 2013) and is 
capable of forming multimeric complexes with other vacuolar AtALMT channels 
which show partially overlapping expression patterns (Chapter II). 
 
Regarding the structural and compositional organization of AtALMT9, it will be of 
interest to determine the functional relevance of the capacity of homo- and 
heteromerization that have been presented in Chapter I and Chapter II. How many 
subunits contribute to forming a functional channel and what is the stoichiometry? Do 
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vacuolar AtALMTs interact in planta, and does this interaction contribute to increasing 
the functional diversity of AtALMT9 by changing channel properties (e.g. localization, 
substrate specificity, activity, regulatory mechanisms)? We have established several 
tools in the past years which could help to elucidate the uncertainties about vacuolar 
AtALMT structure and composition in future studies.  
(i) Two blocking agents of AtALMT9 have been identified (Zhang et al., 2013, Zhang 
et al., 2014; Chapter I) that are valuable to understand whether interacting subunits form 
functional channels: free ATP and citrate. In patch-clamp experiments vacuolar 
AtALMT channels have been shown to exhibit different sensitivities to these blocking 
agents (Eisenach et al., unpublished), and for AtALMT9 a point-mutation has been 
identified that abolishes the reversible citrate inhibition (Zhang et al., 2013; Chapter I). 
Determining the dissociation constant of free ATP (KdATP) or citrate (Kdcitrate) when 
co-expressing different vacuolar AtALMT channels and mutant variants could proof 
the functionality of heteromeric channel complexes (Zhang et al., 2013; Chapter I). In 
addition, these blocking agents can be used to determine the number of subunits that 
contribute to forming a vacuolar AtALMT channel as well as the stoichiometry by 
patch-clamping (MacKinnon, 1991).  
(ii) The BiFC constructs are a powerful tool to investigate the electrophysiological 
properties of heteromeric channels in patch-clamping experiments. The BiFC 
constructs visualize by fluorescence the in planta interaction of native channels that are 
expressed from the same vector backbone but from individual expression cassettes. 
These constructs have advantages over tandem or chimeric channel constructs in which 
several subunits are fused in a single open reading frame. For example, in the BiFC 
constructs there is no need for an artificial linker between two subunits that might 
interfere with the channel structure and/or activity. Moreover, in order to design tandem 
constructs, knowing the number of subunits is of advantage, whereas the design of the 
BiFC constructs is independent of this information.  
(iii) We generated a collection of site-directed mutations that exhibited a variety of 
effects on the channel activity (Zhang et al., 2013; Chapter I), ranging from inactivation, 
differences in rectification rates, insensitivity to citrate block, and altered malate/Cl⁻ 
current ratios (Baetz et al., submitted; Chapter III; Zhang et al., 2013; Chapter I). Not 
all of these AtALMT9 channel variants have been examined circumstantially, and more 
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detailed electrophysiological analysis might contribute to further understand 
structure-function relations and multimerization. Besides the electrophysiological 
characterization of these mutants, the expression of the channel variants in atalmt9 
knock-out mutants might elucidate certain features that are important for AtALMT9 
functionality in planta.  
(iv) Several transgenic lines have been generated that might contribute to understanding 
the role of multiple and potentially interacting vacuolar AtALMTs: for instance 
promoter:GUS  reporter plants of all vacuolar AtALMTs to investigate their 
cell-specific distribution, double knock-out mutants and an RNA interference line that 
targets all vacuolar AtALMTs for multiple down-regulation (Chapter III; Baetz et al., 
submitted). In addition, one might consider the usage of further genetic approaches such 
as the generation of complementation lines of atalmt9 mutant plants with other 
AtALMTs (e.g. AtALMT5) in order to determine the redundancy and the capacity to 
functionally substitute other AtALMT channels. 
 
With respect to the functional role of ALMT9 proteins in planta there are several facts 
that make the interpretation of results difficult, and the design of experiments 
challenging. First, in Arabidopsis AtALMT9 is capable of mediating malate and Cl⁻ 
currents, therefore phenotypes of atalmt9 knock-out mutants might be correlated to the 
lack of the one or other (or both) fluxes. Secondly, malate and Cl⁻ have diverse roles in 
plants, e.g. they serve as important osmotically active solutes, but Cl⁻ can be toxic if 
accumulated to high concentrations in the cytosol (Teakle and Tyerman, 2010). Thus, 
it is difficult to dissect for instance during salinity whether an anion channel such as 
ALMT9 is involved in counteracting ion toxicity in the cytosol by vacuolar 
sequestration of Cl⁻, or whether it is involved in maintaining Cl⁻ uptake that is crucial 
for osmotic adjustment. Thirdly, ALMT9 channels are expressed in different plant 
species and in a variety of tissues and organs (inter alia in guard cells, mesophyll cells, 
and the vasculature of shoots and roots in Arabidopsis and in fruits of Vitis) in which 
the function of the anion channel might differ. The three physiological studies presented 
in this thesis (Chapter III to V) represent this diversity and specificity of the functions 
of ALMT9 proteins.  
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(i) The Vitis Vinifera homolog, VvALMT9, is expressed in the mesocarp of fruits 
throughout development, and has been shown to mediate malate and tartrate uptake into 
the vacuole (Chapter V). Since grape berries accumulate these two organic acids to high 
concentrations during berry ripening and maturation (Terrier et al., 2001, Conde et al., 
2007), the predominant function of the channel is supposedly to catalyze their uptake. 
Although it has not been investigated whether VvALMT9 is capable of mediating Cl⁻ 
uptake, in this developmental stage/ tissue, a putative VvALMT9-mediated vacuolar 
Cl⁻ uptake might be less relevant. The accumulation of organic acids does not only have 
the purpose of maintaining the osmotic homeostasis in fruits. In particular, malate and 
tartrate accumulation determines the acidity, taste and quality of the berry (Terrier et 
al., 2001, Conde et al., 2007), pointing towards a substrate-specific transport role of 
VvALMT9 in fruits of Vitis, and to a lesser extend towards an implementation in 
osmotic adjustment.  
(ii) In Arabidopsis AtALMT9 is highly expressed in seeds, and atalmt9 knock-out 
mutants show reduced germination rates during salinity (Chapter IV). The fact that 
these mutants exhibit slightly delayed germination rates under control conditions in 
which Cl⁻ concentrations are low in the external medium, and the fact that the reduced 
germination rate of atalmt9 is dramatically magnified when using high NaCl 
concentrations, suggest a role of AtALMT9 in keeping vacuolar solute uptake that 
drives water influx into the seed. Hence, in this tissue AtALMT9 could possibly have 
a crucial function in osmotic homeostasis by mediating Cl⁻ accumulation. Similarly, in 
guard cells AtALMT9 has been shown to mediate Cl⁻ fluxes across the tonoplast that 
are fundamental for volume control of vacuoles, thereby allowing stomatal movement 
(De Angeli et al., 2013b).  
(iii) In response to salt stress, the role of AtALMT9 in the vascular tissue of Arabidopsis 
might be the regulation of vacuolar Cl⁻ uptake in order to modulate ion-specific signals 
in the cytosol and salinity adaptation mechanisms (Chapter III; Baetz et al., submitted). 
AtALMT9 is highly expressed in the vascular system of roots and shoots, and atalmt9 
mutants have altered long-distance Na⁺ and Cl⁻ transport during salinity. In addition, a 
plasma-membrane localized Na⁺ transporter crucial for ionic tolerance through shoot 
Na⁺ exclusion exhibits differential expression in atalmt9 plants in the root vasculature. 
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The altered expression levels might be initiated by a disturbed intracellular homeostasis 
of toxic ions during salinity, rather than by an impaired osmotic status in stelar cells.  
In summary, the studies on the role of ALMT9 proteins suggest that in Arabidopsis the 
physiological function of the channel is correlated to in vivo Cl⁻ transport, whereas in 
berries of Vitis the VvALMT9 homolog might function predominantly as organic acid 
(malate and tartrate) channel. In addition, the data suggest that dependent on the ALMT 
homolog, the tissue and the environmental condition, the purpose of vacuolar anion 
fluxes might be either osmotic adjustment (e.g. rapid solute uptake during seed 
germination) or specific for the ion species (e.g. malate accumulation by the acid trap 
mechanism in fruits). 
Again, we have established tools that might help in future research to better understand 
this complex functionality of ALMT9 homologs. Two transgenic complementation 
lines should be mentioned which have been characterized and successfully used to 
unravel the physiological basis behind the phenotype of atalmt9 mutants (Chapter III; 
Baetz et al., submitted). Firstly, a guard-cell-specific complementation line of atalmt9 
has been generated. This tool can be used to dissect if phenotypes are dependent on the 
expression of AtALMT9 in guard cells and on stomatal conductance and transpiration. 
And secondly, a point-mutated AtALMT9 channel variant (AtALMT9E196A) has been 
identified that specifically enhances Cl⁻ conductivity without altering the permeation 
of malate. Expressing this mutant channel in the genetic background of atalmt9 assists 
to dissect the relative relevance of AtALMT9-mediated malate versus Cl⁻ fluxes in 
distinct physiological functions.  
Besides genetic approaches, sophisticated experimental designs might unravel the 
physiological basis of AtALMT9 functions. For instance, using different ion 
compositions in future germination assays such as KCl, NaNO₃ or sorbitol can be 
valuable to dissect whether the ionic or osmotic stress of salinity impairs seed 
germination in atalmt9 mutants. Another set of experiments has been conducted to 
determine the predominant substrate of AtALMT9 in guard cells. The usage of different 
KCl concentrations in stomatal opening buffers in epidermal peel assays contributed to 
conclude that particularly AtALMT9-mediated Cl⁻ fluxes are crucial for stomatal 
opening (De Angeli et al., 2013b).  
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Regarding the preferential substrates of homologous ALMT9 channels in Arabidopsis 
and Vitis, sequence analysis, site-directed mutagenesis and patch-clamp studies might 
uncover residues or domains that are crucial for determining the substrate permeability 
and specificity. 
 
Taken together, the results presented in this thesis provide fundamental insights into the 
structure and composition of AtALMT9 and demonstrates that the ALMT9 anion 
channels of Arabidopsis and Vitis are expressed in various tissues and organs in which 
the proteins fulfill distinct physiological functions. Moreover, in this thesis I provide 
evidence that vacuolar ion uptake is crucial to regulate tissue ion accumulation and 
distribution during salt stress, demonstrating that vacuolar channels such as AtALMT9 
not just impact ion fluxes at the cellular level, but also whole-plant ion movement. The 
foundation to further explore these anion channels is given by several 
electrophysiological and genetic tools that have been established during the period of 
my PhD. Through the two physiologically relevant substrates (malate and Cl⁻) as well 
as based on the broad expression pattern, ALMT9 channels will provide also in future 
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Petunia flower colour is dependent on vacuolar pH and is
therefore used to study acidification mechanisms. Re-
cently, it was shown that the concerted action of two
tonoplast-localised P3-ATPases is required to hyperaci-
dify vacuoles of petunia petal epidermis cells. Here we
discuss how steep cross-tonoplast pH gradients may be
established in specific cells.
The acidity of plant vacuoles varies between plant species,
organs, and cell types. In morning glory (Ipomoea tricolor),
when the slightly acidic vacuoles of flowers become neutral,
a shift from a purple to the characteristic blue flower colour
can be observed. By contrast, petal epidermis cells of
petunia (Petunia hybrida) contain acidic vacuoles with a
pH around 5, which causes the colour-giving anthocyanins
in the vacuoles to appear red. In CAM plants or fruits such
as lemon (Citrus) or non-ripe grape berries (Vitis) the
vacuolar pH can reach values as low as 2 or 3. Two types
of proton pumps, a H+-ATPase and a H+-PPase have
originally been shown to reside at the vacuolar membrane
[1]. Besides acidification of the vacuolar lumen, proton
pumping also generates a transmembrane gradient in
electric potential, DEm. Both gradients, DpH and the
DEm, are exploited to accumulate solutes within the vacu-
ole. While DEm regulates channels that mediate vacuolar
ion uptake, DpH drives cation/proton, anion/proton and
sugar/proton antiporters [2]. Besides its role in vacuolar
acidification, the V-PPase also functions during postem-
bryonic heterotrophic growth through hydrolysing inor-
ganic pyrophosphate (PPi) to reduce PPi contents and
support gluconeogenesis [3]. Until recently it was thought
that V-ATPases and V-PPases at the tonoplast are exclu-
sively responsible for generating the vacuolar pH. Howev-
er, recent studies comparing the pH of a vacuolar V-
ATPase double mutant (vha-a2/vha-a3) with that of a
V-PPase mutant suggested that yet another component
was involved in the generation of vacuolar pH [4]. Possibly,
the activity of a trans-Golgi network/early endosomes V-
ATPase also contributes to vacuolar acidification.
Petunia flowers can be used to study vacuolar
acidification processes
Petunia (Petunia hybrida) flowers are an ideal model
system to study vacuolar pH and the genes and proteins
involved in its generation. Anthocyanins accumulate in the
vacuole of flower petal cells, and the colour of these antho-
cyanins is dependent on–among other factors–vacuolar
pH. In petunia a shift in vacuolar pH causes a change in
flower colour. Mutants that display a flower colour differ-
ent to the red-flowering wild type are a useful tool to
analyse gene function in vacuolar pH maintenance. Over-
all, seven pH-mutants defective in petunia flower colour
and pH have been identified and termed ph1 to ph7 [5].
Within the past decade the team led by Francesca Quat-
trocchio at Amsterdam University has been successful in
identifying several genes that are affected in the respective
mutants, using transposon-tagging strategies. Some of the
genes such as PH3, PH4 and PH6 are transcriptional reg-
ulators. In 2008 the team identified the mutant ph5 to be
defective in a gene encoding a proton pump [5]. PH5 localises
to the tonoplast and belongs to the H+-P3A-ATPase subfam-
ily, which finds homologs in the AHA family of Arabidopsis
(Arabidopsis thaliana) plasma membrane H+-ATPases.
Three lines of evidence led the researchers to conclude that
PH5 is responsible for the transport of protons into the
vacuole: (i) PH5 expression was able to rescue a yeast
mutant unable to grow on acidic medium; (ii) the difference
in flower colour in ph5 mutants was not caused by altered
anthocyanin accumulation; and (iii) over-expression of a
PH5 transgene in a ph5 mutant background rescued the
mutants’ petal pH and colour phenotype. Interestingly, PH5
overexpression in the background of other pH-mutants such
as those of the transcriptional regulators ph3, ph4 and ph6
could not rescue the pH and flower colour phenotype of those
mutants. Considering that PH5 expression is regulated by
PH3, PH4 and PH6, the authors reasoned that these reg-
ulators may control yet another component, which, in addi-
tion to PH5, was necessary for vacuolar acidification.
The P3B-ATPase, PH1, is the second component required
to rescue petunia pH-mutants
In a recent study the Quattrocchio group reports the
identification of PH1 as an interactor of PH5, necessary
for hyperacidification of petal vacuoles [6]. They obtained a
transposon-tagged ph1 mutant line and were able to iden-
tify the gene-sequence associated with ph1 to code for a
P3B-ATPase. Evidence from procaryots suggests that
ATPases of this type are involved in Mg2+ uptake.
A first indication that PH1 was the missing component
in PH5-driven vacuolar acidification came from gene ex-
pression analysis. PH1 mRNA expression paralleled that
of PH5 in a spatio temporal manner. Like PH5, mRNA
expression of PH1 was under the control of the transcrip-
tion factors PH3 and PH4 and the transcriptional regula-
tors PH6 and AN11. While a 35S-driven PH5-GFP
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construct localised to the tonoplast in the petal epidermis
of petunia, only an internally GFP-tagged 35S:PH1-GFPi
construct localised to the tonoplast.
In light of the facts that PH1 and PH5 both encode P3-
ATPases, are both under parallel transcriptional control,
and overlap in their intracellular localisation, the authors
hypothesised that PH1 and PH5 acted in concert in vacuo-
lar petal acidification. In fact, when overexpressed on their
own, neither PH5, nor PH1 could rescue the colour and pH
phenotype of the ph3 mutant. Only when PH1 and PH5
were co-expressed the mutant’s flower colour reverted
back to red, and its petal extract pH decreased from
approximately 5.7 to 5.3 (Figure 1). An elegant way to
show that this mutant rescue was due to the acidification
of petal cell vacuoles was the authors’ co-expression of the
Na+/H+ and K+/H+ antiporter NHX1, which had been
shown to reduce cross-tonoplast pH gradients [7]. The
PH1/PH5-mediated rescue of the ph3 mutant colour and
petal extract pH was lost when NHX1 was also expressed;
as a result the flower colour reverted back from red to the
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Figure 1. Petunia flower colour and pH phenotype of the ph3 mutant is restored by the constitutive co expression of the P-ATPases PH1 and PH5. (A) In the ph3 mutant PH3-
regulated genes such as PH1 and PH5 are not expressed, resulting in a pale-rose´ flower phenotype and an increase in vacuolar pH compared to wild type petunia flowers.
(B) The flower and vacuolar pH phenotype of ph3 mutants is only rescued when 35S:PH1 and 35S:PH5 are co-expressed. The additional introduction of the Na+/H+ and K+/H+
antiporter NHX1 restores the ph3 mutant phenotype. Reproduced, with permission, and modified from [6]. (C) Multiple protein sequence alignment of the putative
transmembrane domain (TM) 5 and 6 of AtAHA2 according to the UniProt database including the conserved aspartate residue (D684 in AtAHA2) between the Arabidopsis
thaliana AHA2 and AHA10 (homolog of PH5), PH5 and PH1 of Petunia hybrida, and the bacterial P3B-ATPases, MgtA and MgtB of Salmonella typhimurium. Asterices
indicate sequence identity, dots the degree of similarity. The alignment was performed using ClustalW.
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Hyperacidification of petunia petal cell vacuoles relies
on both P3-ATPases
The final and crucial question addressed in the study was:
What constituted the concerted action of PH1 and PH5 in
vacuolar acidification on a mechanistic level? To answer
this question the authors carried-out two different protein
interaction studies using Bimolecular Fluorescence Com-
plementation and Split-Ubiquitin-System assays. Both
approaches yielded that PH1 and PH5 were able to interact
with one another. Furthermore, the authors applied the
patch-clamp technique to whole-vacuoles of petunia leaf
cells. Clamping the membrane potential at 0 mV the team
could observe ATP-dependent outward currents, arising
from proton-transport from the cytosol to the vacuolar
lumen. The vast majority of this current was sensitive to
bafilomycin, a highly specific inhibitor of V-ATPases. How-
ever, in vacuoles expressing PH5, half of the ATP-depen-
dent current was sensitive to bafilomycin, whereas the
other half was sensitive to vanadate, an inhibitor of P-
ATPases such as PH5. This indicated that PH5 was trans-
porting protons to the vacuolar lumen. Surprisingly,
vacuoles expressing PH1 did not display any vanadate-
sensitive current, but when PH5 and PH1 were co
expressed the vanadate-sensitive current nearly doubled,
when compared to vacuoles expressing PH5 only. This
indicates that, although PH1 does not seem to have pro-
ton-transport activity, it enhances the PH5-mediated cur-
rent. How such an enhancement may work on a
mechanistic level, however, remains elusive.
PH1 displays sequence similarity to bacterial P3B-
ATPases such as MgtA and MgtB, which are required
for Mg2+ uptake. Such transporter systems had previously
been thought absent in plants but when the researchers
carried out phylogenetic analysis they found homologues in
other species including Vitis vinifera, the berries of which
also require vacuolar hyperacidification. Although the
authors hypothesised that PH1 might boost PH5-mediated
H+ pumping by dissipating DEm through Mg
2+ import to
the cytosol, they found no evidence for this and reasoned
that such an import was energetically unfavourable.
Concluding remarks and outlook
The authors of this review found that PH1 is lacking an
aspartate (D) residue that is conserved in Mg2+-, Ca2+-,
Na+/K+-, H+/K+-, and H+-ATPases such as the prokaryotic
PH1-homologues and PH5, and which has been proposed to
be essential for cation binding and translocation [8]. In
PH1 this residue is replaced by an asparagine (N)
(Figure 1). When the corresponding Asp 684 of the Arabi-
dopsis H+-ATPase AHA2 was mutated to Asn (D684N), the
enzyme still displayed ATP hydrolysis activity but did no
longer show coupling to H+ transport [8]. The stoichiome-
try of H+ transported to ATP hydrolysed (n) for V-ATPases
typically has a value of 2 but depends on vacuolar pH. With
steeper cross-tonoplast pH gradients (DpH) the value of n
decreases [9], because, from a thermodynamic standpoint,
transport against a larger concentration gradient requires
more energy through ATP hydrolysis. In fact, H+ P-
ATPases are essential for the energisation of even steeper
gradients as they operate at coupling ratios of 1H+/ATP
[10]. Early work from the Taiz laboratory uncovered the
existence of vanadate-sensitive cross-tonoplast H+ trans-
port in lemon fruit [11]. This vanadate-sensitive transport
may indicate the existence of vacuolar P-type ATPases in
lemon, which, in light of the findings presented here, may
be homologous to that of PH5 or PH1/PH5. Taken together,
we speculate that when PH1 and PH5 interact, this might
decrease the H+/ATP stoichiometry to hypothetically
0.5H+/ATP allowing for hyperacidification. To test this
hypothesis, initially one may generate the mutation
N782D in PH1 in order to determine if proton-pumping
activity is restored. Furthermore, it would be valuable to
determine the H+/ATP coupling ratio of the interacting
PH1–PH5.
In conclusion, the study described above has not only
identified a missing component in petunia flower colour
and pH regulation, but it may point to entirely new mech-
anisms of proton-pumping via P-ATPases.
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The significance of root exudates as belowground de-
fense substances has long been underestimated, pre-
sumably due to being buried out of sight. Nevertheless,
this chapter of root biology has been progressively
addressed within the past decade through the charac-
terization of novel constitutively secreted and inducible
phytochemicals that directly repel, inhibit, or kill patho-
genic microorganisms in the rhizosphere. In addition,
the complex transport machinery involved in their ex-
port has been considerably unraveled. It has become
evident that the profile of defense root exudates is not
only diverse in its composition, but also strikingly dy-
namic. In this review, we discuss current knowledge of
the nature and regulation of root-secreted defense com-
pounds and the role of transport proteins in modulating
their release.
Root exudates function in belowground plant defense
Plants are constantly exposed to a variety of natural ene-
mies, including pathogenic fungi, oomycetes, bacteria, vi-
ruses, nematodes, and root-feeding arthropods. These
organisms inhabit the soil surrounding the root system,
which is designated the rhizosphere. The fact that roots
anchor plants in the soil, account for a substantial storage
reservoir, and perform water and nutrient uptake forces
plants to defend them efficiently against detrimental micro-
organisms. To counteract infection and confer tissue-specific
resistance, plants release a variety of biologically active
compounds into the rhizosphere. Indeed, such root exudates
are known to have a multitude of functions in ecological
interactions with the microbial soil communities, for exam-
ple by acting not only as signaling molecules, attractants,
and stimulants, but also as inhibitors or repellents. In this
review, we focus mainly on compiling the information avail-
able on various secreted natural compounds that confer
direct defense against soil-borne pathogens. The reader is
referred to other recent reviews for detailed information on
mutually beneficial interactions between plants and micro-
organisms, plant–plant communication, and tripartite
interactions mediated by root exudates [1–3].
The nature and relative abundance of components in
root exudate blends have a profound effect on shaping the
soil environment, including pathogen levels. Therefore, the
root-secreted defense system and its fine-tuned regulation
are essential for plant performance and represent a major
field of interest in root biology research. The tremendous
metabolic diversity of root exudates is gradually being
elucidated through the identification and characterization
of numerous novel antimicrobial compounds and previous-
ly undescribed groups of direct defense chemicals. Concur-
rently, genes and biosynthetic pathways involved in the
production of these phytochemicals are being deciphered.
We discuss examples of recently described secreted chemi-
cal weapons that contribute to the constitutive and/or
targeted local belowground defense of plants. Further-
more, recent advances in the genetic identification and
biochemical and physiological characterization of root-
expressed transporter proteins result in a deepened un-
derstanding of the complex transport machinery that med-
iates export processes into the rhizosphere. We review
current knowledge of the transporters that are involved
in the release of defense root exudates, their potential
substrates, their regulation, and their direct and indirect
effects on the root exudate composition and the soil micro-
bial community.
Dynamics in the composition of defense root exudates
Photosynthetically fixed carbon that is continuously se-
creted by plants as root exudates, including antimicrobial
compounds, is prima facie a significant carbon cost for the
plant [2]. To prevent excessive energy loss, the biosynthe-
sis of defense phytochemicals and their rhizodeposition
requires tight regulation and adjustment towards necessi-
ty in heterogeneous environments. Recently, considerable
progress has been made in deciphering regulation process-
es and stimuli inducing changes in root exudate blends
that demonstrate all the more the complexity and accuracy
of the belowground defense system in plants.
By definition, low-molecular-weight antimicrobial che-
micals that are present in the plant before biotic stress are
named phytoanticipins [4]. In a recent study, the diterpene
rhizathalene A was found to be constitutively produced and
released by non-infected Arabidopsis (Arabidopsis thali-
ana) roots [5]. Plants that are deficient in rhizathalene A
production were found to be more susceptible to insect
herbivory. Therefore, this diterpene was suggested to be
part of the constitutive direct defense system of roots. It
should be noted that plants secrete a wide array of other
Review
1360-1385/$ – see front matter
! 2013 Elsevier Ltd. All rights reserved. http://dx.doi.org/10.1016/j.tplants.2013.11.006
Corresponding author: Baetz, U. (baetzu@botinst.uzh.ch).
Keywords: ABC transporter; border cells; defense; pathogens; rhizosphere; root
exudates.
90 Trends in Plant Science, February 2014, Vol. 19, No. 2
high- and low-molecular-weight defense compounds in the
absence of pathogen elicitation [6–14]. Hence, the rhizo-
sphere not only represents the infection court on which
pathogens encounter the plant, but is also a preventive
microbial buffer zone that protects against infection.
Together with the constitutive root exudation, the syn-
thesis, accumulation, and release of defense-related com-
pounds can be stimulated upon the establishment of
pathogen interactions. Inducible, low-molecular-weight
antimicrobial compounds that are not detectable in
healthy plants are called phytoalexins [4]. When investi-
gating the release of root-derived aromatic exudates in
barley (Hordeum vulgare) that was attacked by the soil-
borne pathogen Fusarium graminearum, an induction of
five phenylpropanoids exhibiting antifungal activity was
found [15]. Among them, labeling experiments highlighted
the de novo biosynthesis and secretion of t-cinnamic acid
[15]. Besides this ‘phytoalexin prototype’, pathogen infec-
tion can increase the quantities of certain constitutively
exuded phytoanticipins. Momilacton A is an antimicrobial
diterpene that is produced and secreted from roots of rice
(Oryza sativa) seedlings into the rhizosphere [6,7]. In
addition, rice that has been challenged with the blast
fungus shows targeted leaf-accumulation of momilacton
A [16]. Taken together, this indicates that momilacton A
and other root exudates feature properties of both consti-
tutively produced and secreted phytoanticipins and path-
ogen-elicitable phytoalexins [4,17].
An alteration in the defense exudate composition can be
stimulated by various factors besides pathogen infection
under laboratory conditions. For instance, the ectopic ex-
pression of the oomycetal elicitor ß-cryptogein in hairy
roots of the flowering plant Coleus blumei mimics pathogen
attack, and significantly increases the concentration of
rosmarinic acid, which exhibits antimicrobial activity, in
the culture medium [18,19]. By contrast, the defense com-
pound is reduced in the root hair tissue when ß-cryptogein
is expressed, indicating that this elicitor functions as a
regulator of phenolic secretion into the rhizosphere [18].
Furthermore, following exogenous application, the defense
signaling molecules salicylic acid (SA), nitric oxide (NO),
and methyl jasmonate (MeJA) independently elicit a dif-
ferential genome-wide transcription profile in roots, result-
ing in an enhanced rhizosecretion of root exudates [20] in
Arabidopsis [21] and hairy roots of Catharanthus roseus
[22].
Compositional shifts in root exudates not only occur in
response to exogenous stimuli, such as the above-men-
tioned pathogenic elicitors or defense signals, but are also
controlled by endogenous developmental programs. In
maize (Zea mays), benzoxazinoids form a class of defense
molecules [23] that are released during the emergence of
lateral and crown roots [24]. These benzoxazinoids present
a genetically regulated, protective chemical barrier, which
is thought to prevent pathogen attack at sites that are
temporally more susceptible, or in developmental stages at
which infection is more deleterious for the plant. Accord-
ingly, the peak of defense-related protein exudation into
the rhizosphere can be observed just before flowering [9].
Similarly, plants adopt a tighter defensive strategy to-
wards later stages of their life cycle, as evidenced by an
increased amount of putative antimicrobial phenolic com-
pounds in their root exudate profile [11].
Breakthroughs in genome sequencing, extensive collec-
tions of mutant lines and tools available for the model plant
A. thaliana, a combination of ‘-omics’ approaches, new
sampling methods, and higher-resolution detection sys-
tems have been indispensable in facilitating comparative
large-scale analysis of root exudate blends in response to
different pathogens. Specifically, the compatible interac-
tion of bacterial or fungal pathogens, or root-feeding
insects with Arabidopsis roots, but not mechanical wound-
ing, stimulates the rapid secretion of the antimicrobial 1,8-
cineole [25]. However, incompatible interactions do not
influence the exudation of this monoterpene. In agreement
with this result, the secretion of biotic stress-responsive
proteins from Arabidopsis roots is induced during compat-
ible but not incompatible interaction [26], demonstrating
that defense root exudation is influenced by the identity of
the microbial neighbor.
Taken together, these results provide circumstantial
evidence that the secretion of defense compounds into
the rhizosphere is a tightly controlled, temporally dynamic
process that is regulated by various endogenous and exog-
enous stimuli.
The diverse chemistry of direct defense compounds
Besides the precise regulation of root exudation processes,
there is a large chemical diversity of antimicrobial com-
pounds that have been recently identified to protect plants
directly against pathogen invasion.
In general, root-secreted compounds belonging to the
chemical class of phenolics and terpenoids have strong
external antibacterial and antifungal qualities [15,17–
19]. Notably, phenolic metabolites also function efficiently
in attracting some soil-borne microorganisms and can
beneficially influence the native soil microbial community
[27]. It was also observed that molecules such as the amino
acid canavanine can act as a stimulator for one group of
microbes, but as a suppressor for many other soil bacteria
[28]. Thus, compounds of the same chemical class can
differentially affect the soil environment, and certain sub-
stances can be considered as microorganism specific in
their biological activity and toxicity. Similarly, a phyto-
alexin derived from Arabidopsis root exudates is required
for conferring resistance to Phytophthora capsici [29];
however, resistance to Phytophthora cinnamomi does
not rely on this phytochemical [30]. The finding of differ-
ential compound activities may be explained in part by
variations in the tolerance to specific defense molecules
based on the efficiency of active detoxification and efflux
processes between different pathogens.
Phenylpropanoids are ubiquitous plant phenolics that
occur in defense root exudates [15]. In line, resistance to
Fusarium graminearum attack in barley is based on the
rapid accumulation and secretion of phenylpropanoids
(cinnamic acid derivatives) after fungal infection [15].
Moreover, flavonoids represent one of the largest classes
of phenylpropanoid-derived secondary metabolites in
plants and constitute a large proportion of root exudates
[31]. Derivatives of isoflavonoids, such as the pea (Pisum
sativum) phytoalexin pisatin, are a crucial class of
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compounds with potent antimicrobial properties in
legumes [32,33]. The tissue-specific release of pisatin from
the root tip can be stimulated by pathogen elicitation [34].
Terpenoids form the largest class of plant defense che-
micals above- and belowground and contribute to root
exudates [5–7,17,35]. It has been known for some time
that nonvolatile terpenoid phytochemicals, such as momi-
lactones, can be secreted into the rhizosphere [6,7]. How-
ever, it was only recently that volatile organic compounds
(VOCs) were also shown to be emitted from roots as a direct
defense mechanism. Plant-derived volatiles have been
previously described to function in tritrophic interactions
by attracting natural enemies of herbivores upon attack to
provide indirect plant defense [36–39]. By contrast, an
example of a direct belowground volatile defense com-
pound is the monoterpene 1,8-cineole, which is released
from hairy-root cultures of Arabidopsis during pathogen
interaction [25,40]. Furthermore, a semivolatile diterpene
hydrocarbon, rhizathalene A, is implicated in the below-
ground resistance towards root-feeding insects as a local
antiherbivore metabolite of Arabidopsis [5]. A new role was
discovered for another class of terpenoids, the strigolac-
tones. An extensive body of literature has been published
on strigolactones as phytohormones and, when released
into the rhizosphere, as a compound involved in plant
symbiosis with arbuscular mycorrhizal fungi and in plant
infection by root parasitic plants [41]. Intriguingly, the
synthetic strigolactone analog GR24 inhibits the growth
of an array of phytopathogenic fungi when present in the
growth medium [42], indicating that secreted strigolac-
tones can affect natural enemies directly [42] or indirectly
by modulating hormonal defense pathways [43] and con-
tribute to belowground plant biotic stress responses.
Other highly potent antifungal or antimicrobial root
exudates are tryptophan-derived secondary metabolites,
such as some glucosinolates or the indole derivative cama-
lexin, which is the only characterized phytoalexin in Ara-
bidopsis [29,44–51]. Several molecular players involved in
camalexin biosynthesis have been identified at the genetic
level. Their transcriptional activation after infection leads
to the intrinsic production, accumulation [44], and exuda-
tion [46] of camalexin from Arabidopsis roots, whereas
their genetic disruption results in lower secretion levels
[46], accompanied by enhanced pathogen disease symp-
toms and fungal growth [44]. In line with these observa-
tions, the ectopic overexpression of an Arabidopsis gene
that modulates camalexin and SA biosynthesis confers
disease resistance to soybean (Glycine max) against nema-
todes [52].
Collectively, defense root exudate blends build a diverse
and flexible protective layer of chemical compounds in the
rhizosphere. In addition to low-molecular-weight metabo-
lites, high-molecular-weight root exudates also contribute
to the local belowground resistance. In particular, the
repelling and inhibiting role of previously unrecognized
molecules, such as secreted proteins and extracellular
DNA, has emerged over the past years [8,53]. Below, we
discuss these two components of defense root exudates in
the context of border cells, because their examination was
predominantly conducted using this specialized ‘front-line’
cell layer.
Border cells and their exudates act as a defensive barrier
of roots
Root tips display local resistance to various infections,
whereas more vulnerable parts of roots, such as the elon-
gation zone, are more susceptible [54,55]. This phenome-
non of spatially different susceptibility is correlated with
the highly controlled, inducible formation and release of
metabolically active border cells at the root periphery that
originate and detach from the root cap meristem [56–59].
In fact, cap and border cells assist the growing root during
the mechanical penetration of the soil by reducing friction
at the root–soil interface [58]. In addition, antimicrobial
phytochemicals in the rhizosphere largely derive from cap
and border cells, hence these cells account for a protective
shield against pathogen invasion with a vital impact on
plant health [59–61]. Besides developmental and environ-
mental signals, the invasion of pathogenic microorganisms
initiates border cell production as a plant defense mecha-
nism [34,59,62]. It was recently shown that the formation
of root border cells and exudation of the isoflavonoid phy-
toalexin pisatin is stimulated in pea when root tips are
challenged with a plant pathogen [34]. Moreover, exoge-
nous pisatin, in turn, leads to the upregulation of border
cell production in vitro [62].
Border cells and their exudates can account for root tip
resistance by coping with pathogens via at least three
mechanisms that act in concert (Figure 1). First, peripheral
border cells can attract pathogenic microorganisms to get
infected, a strategy that confers transitory protection to the
root tip. In fact, after the removal of the border cell layer, the
physiologically independent root tip remains uninfected,
defense gene expression is not elicited, and root growth
proceeds indistinguishably from nontreated roots [54,63].
Besides providing a sustainable substitute for deleterious
pathogenic root tip invasion, border cells can act as chemical
and physical barriers towards pathogens by secreting not
only antipathogenic low-molecular-weight metabolites, but
also a mucilaginous matrix of up to 95% high-molecular-
weight polysaccharides and 5% extracellular proteins
[53,64]. Proteolytic solubilization of protein exudates de-
rived from progenitor root cap and border cells (referred to as
‘root cap secretome’) in pea results in the disintegration of
the mucilage, the release of bacteria as well as the loss of root
tip resistance towards infection by a pea pathogen [53].
Therefore, despite their minor physical fraction, pro-
teins are engaged in the binding, trapping, and aggrega-
tion of pathogenic bacteria [53,64]. Moreover, secreted
antimicrobial proteins can serve as a direct external de-
fense mechanism by repelling, inhibiting, or killing patho-
genic microorganisms. Proteomic analysis of the root
exudates of root cap and border cells confirmed that the
complex mixture of approximately >100 proteins contains
mostly stress and defense-related proteins, besides struc-
tural components such as actin [9,10,13,14,26,53]. Upon
encountering pathogenic interactions, the protein compo-
sition alters dynamically as antimicrobial compounds (e.g.,
hydrolases, peptidases, and peroxidases) accumulate in
the rhizosphere [9,10,26,53].
As well as the presence of antimicrobial enzymes,
which have long been known to be associated with plant
defense, the root cap secretome contains histone H4 [53].
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In mammals, histone-linked extracellular DNA (exDNA)
is anticipated to have a critical role in defense against
microbial pathogens [65–67]. A similar mechanism was
suggested in plants when exDNA linked to histone pro-
teins was discovered to be synthetized and exuded from
root border cells [8]. The specific mechanism of how
exDNA inhibits pathogen growth needs to be deter-
mined. However, recent research suggests that exDNA
provides, similar to various structural proteins, a funda-
mental scaffold to trap, immobilize, and subsequently
kill root-infecting pathogens in the mucilage matrix,
because degradation of either component in root tip
exudates using a protease or a nuclease, respectively,
results in an abolishment of root tip resistance to fungal
infection [8,53]. Given that border cells secrete a muci-
lage layer that contains proteins and exDNA to protect
the root tip by adhesion and aggregation of pathogens,
they function analogously to white blood cells in the
mammalian innate immune response [8,59,68].
Taken together, the penetration of physiologically inde-
pendent border cells, the root cap and border cell exudation
of the mucilage layer including proteins and exDNA that
immobilize pathogens, as well as the secretion of, for
instance, antimicrobial enzymes and secondary metabo-
lites, cooperatively provide root tip resistance towards
pathogens.
The transport machinery that modulates the release of
defense phytochemicals
As knowledge about the synthesis of defense metabolites
and their function in the rhizosphere has improved, the
complex mechanisms of regulated rhizosecretion and the
critical transport components have also started to be
unraveled. Traditionally, root exudation has been sus-
pected to be a passive process mediated by diffusion,
channels, and vesicle transport. However, recent studies
elucidated a pivotal role of tightly regulated primary and
secondary active transport processes across the root plas-
ma membrane in the export and accumulation of defense
phytochemicals in the rhizosphere. Two protein families
involved in mediating the transport of a wide array of
organic substances, namely multidrug and toxic compound
extrusion (MATE) and ATP-binding cassette (ABC)
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Figure 1. Concerted action of root border cells and their exudates in root tip resistance against pathogens. Displayed microorganisms represent pathogenic fungi,
oomycetes, bacteria, viruses, nematodes, and root-feeding arthropods. (A) Pathogen attraction and penetration of physiologically independent border cells to prevent
deleterious root tip infection. (B) The mucilage layer comprising mainly polysaccharides, proteins, and extracellular DNA is secreted by border cells and represents a
defensive matrix that binds, immobilizes, and aggregates pathogens. (C) Depicted is the inhibition or killing of microbes through high-and low-molecular-weight
compounds that are released by root border cells and exhibit direct antimicrobial and/or antifungal properties. Copyright University of Zurich, Sarah Steinbacher.
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Nevertheless, there are a large number of uncharacterized
transporters, which might participate in the belowground
defense system.
Members of both the MATE and ABC transporter fami-
lies are capable of releasing constituents of the root phy-
tochemical cocktail into the rhizosphere. In the case of
MATE transporter proteins, a subclade that can be found
in all plants analyzed so far is implicated in the release of
citrate into the rhizosphere to confer aluminum resistance
to plants. Citrate is a carbon source for many microorgan-
isms; therefore, this exudation may also have an impact on
the microflora at the root tip [71–75]. Recently, a MATE
transporter in the stele of rice roots was found to facilitate
efflux of phenolic compounds into the xylem [76]. It was
speculated that similar transporters might be responsible
for phenolic secretion into the soil. In Table 1, we highlight
the few genes out of 56 members of the MATE family that
are promising candidates to encode transport proteins that
are involved in such processes. They exhibit a strong or
predominant expression in the outer cell layers of root caps
and have not previously been shown to be localized in any
membrane other than the plasma membrane (Table 1)
[69,77]. However, to our knowledge, to date, no MATE
transporter has been identified to export root-derived an-
timicrobial compounds into the rhizosphere. By contrast,
members of the ABC transporter family are fundamentally
involved in root exudation and the defense system [78–80]
and, recently, putative substrates were attributed to par-
ticular transporter proteins [81,82]. Examples of these
defense-related ABC transporters and their specific ex-
pression profiles that are in agreement with a role in
the secretion of compounds into the rhizosphere are shown
in Figure 2.
Initially, indirect pharmacological approaches were
deployed to demonstrate that the root exudate profile of
Arabidopsis is quantitatively and qualitatively dependent
on ATP hydrolysis [83], indicating that the secretion
process of certain phytochemicals is mediated by active
transport systems, such as ABC-type proteins [84]. Subse-
quently, among the >120 genes encoding ABC transporter
proteins in Arabidopsis, 25 candidates were identified to
have a potential role in rhizosecretion, based on their high
expression in root cells [85]. Exudate [85,86] and microbial
[86] composition differs significantly between knockout
lines of several root-expressed ABC transporters and the
corresponding wild type, providing evidence that this pro-
tein family is involved in root secretion, also of antimicro-
bial compounds. Furthermore, these studies revealed that
multiple ABC transporters can be used for the release of a
given phytochemical, and a specific ABC transporter can be
capable of mediating the export of several structurally and
functionally unrelated substrates. Another example is
AtABCG37/AtPDR9, which has been demonstrated to
transport not only phenolic compounds into the rhizo-
sphere as an iron acquisition strategy [87,88], but also
auxinic compounds [89,90]. Interestingly, to our knowl-
edge, the only direct link between a defined transporter, its
substrate, and an effect on soil microorganisms has been
demonstrated for PhPDR1, a petunia ABC transporter
that catalyzes the release of strigolactones from root cells
to initiate mycorrhization [82].
Only a few studies have addressed the connection of
transport proteins, defense-related phytochemical rhizose-
cretion, and soil-borne pathogen susceptibility. Silencing
NtABCG5/NtPDR5 from tobacco (Nicotiana tabacum)
resulted in enhanced herbivore performance [79]. Similar-
ly, the transporter NpPDR1 of Nicotiana plumbaginifolia
is directly involved in plant defense against pathogen
invasion [78,91]. Silencing this ABC transporter resulted
in enhanced sensitivity of roots and petals towards various
soil-borne pathogens, possibly due to diminished secretion
of antifungal compounds, such as the diterpene sclareol
[91]. In general, the appearance of a phytochemical in the
rhizosphere can be genetically and biochemically regulated
by various factors, including not only ABC-type protein
abundance, transport activity, substrate availability and
specificity, but also pleiotropic effects mediated by ABC
transporters. The gene expression of the transporter
NtPDR1 positively correlates with export rates of anti-
pathogenic diterpenes into the extracellular medium,
Table 1. Expression profiles of genes encoding Arabidopsis MATE transporters that are predominantly or highly expressed in root
caps
GOa Gene ID Root stage Ib Maximum FCd Tissue of maximum FC
Stelec Endo Endo+cortex Epi LRC FC LRC
AtDTX5/6 At2g04090/At2g04100 49.16 51.52 19.98 243.55 119.49 10.62 32.06 Root stage II Epi
AtDTX9 At1g66760 110.07 216.78 235.16 55.14 157.5 3.45 29.7 Mesophyll cells, with
100 mM abscisic acid
AtDTX12 At1g15170 40.01 53.91 61.21 220.75 184.89 5.88 7.1 Bicellular pollen




AtDTX36 At1g11670 437.77 568.63 734.08 958.69 1847.14 39.76 52.16 Root stage III LRC
AtDTX37 At1g61890 882.33 745.87 1110.85 968.94 1144.92 2.57 16.39 Mesophyll cells
AtDTX39 At4g21910 37.86 28.42 39.09 96.92 197.76 1.88 6.56 Ovary tissue
aGene ontology.
bRoot stage I represents cells of the root cap, stage II of the elongation zone, and stage III of the root hair zone.
cThe stele is the inner-most cell layer of the root and the lateral root cap the outer-most cell layer. Abbreviations: endo, endodermis; endo+cortex, endodermis and cortex;
epi, epidermal artrichoblasts; LRC, lateral root cap.
dFold changes (FC) are calculated as the ratio of the gene expression in a given tissue to the mean expression level in the entire plant. Consequently, this value indicates the
homogeneity of the gene expression and the maximal fold change occurs in the tissue with the highest absolute expression levels.
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and the expression can be modified by microbial elicitation
[81,92]. By contrast, another study showed that nitrogen
deficiency can elicit the increased biosynthesis of the fla-
vonoid signaling molecule, genistein, resulting in its secre-
tion from soybean roots to initiate rhizobium symbiosis
[93], whereby the transport machinery involved in genis-
tein export is constitutively active, regardless of the nitro-
gen availability [84]. A further twist to that story is the fact
that ABC transporter proteins themselves exhibit a regu-
latory function in modulating the synthesis and exudation
of defense phytochemicals. For instance, roots of Medicago
truncatula were rapidly infected by Fusarium oxysporum
when MtABCG10, a gene that encodes a close homolog of
NtPDR1 [81,92], was silenced [94]. Concomitantly, this
silencing resulted in a reduction of the phenylpropanoid
pathway-derived phytoalexin, medicarpin, as well as its
precursors in root tissue and exudates. Therefore, it was
proposed that MtABCG10 modulates isoflavonoid levels
during the belowground biotic stress response associated
with the de novo biosynthesis of phytoalexins. Another
recent study demonstrated that the Arabidopsis mutant
abcg30 exhibited lower levels of several compounds in the
rhizosphere, whereas other defense exudates showed
higher secretion in the mutant plants [86]. This finding
provides evidence that AtABCG30 mediates the transport
of compounds, and also that the lack of the protein directly
and indirectly influences various metabolic processes, such
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Figure 2. Tissue, cell-layer, and subcellular expression profile of transporter proteins that are involved in rhizosecretion and defense processes. Depicted are three
representative transport proteins with expression patterns that are likely for transporters exporting root exudates. (A) In situ expression analysis using b-Glucuronidase
(GUS) staining shows that NtPDR1, an ATP-binding cassette (ABC)-type protein in Nicotiana tabacum that is implicated in diterpene transport and defense response, is
highly expressed in primary and lateral root tip cells [81]. (B) Plants expressing ProPDR5:Gv are stained for GUS activity. A cross-section of the mature part of the root
demonstrates that NtABCG5/NtPDR5, a transporter that is involved in herbivore resistance, shows a cell layer-specific expression in the epidermis [79]. (C) AtABCG36/
AtPDR8 and AtABCG37/AtPDR9 transport, among other substrates, auxinic compounds out of the cell and are suggested to be implicated in belowground defense
processes [89,90,99,100]. Immunolocalization and live-cell imaging demonstrate that both transport proteins are expressed in the lateral root cap and the epidermis and
exhibit outer polar plasma membrane localization. Reproduced, with permission, from [79,81,100]. Scale bars = 0.5 cm (left panel); 1 cm (A); and 50 mm (B).
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expression of other transporters. Hence, in the future, it
will be of interest not only to identify the transport ma-
chinery of defense compounds and their substrates, but
also to examine the distinct pathways that are modified in
transporter mutants. This will deepen our understanding
of the effects on root exudate patterns mediated by ABC-
type proteins.
Concluding remarks and future perspectives
Despite its importance in ensuring tissue protection and
optimizing plant performance, deciphering the below-
ground defense system has been neglected for a long time,
a result of difficulties in accessing the undisturbed, natural
rhizosphere communication, which includes symbiotic and
pathogenic interactions between plants and microorgan-
isms. Exploring the profiles of secreted metabolites that
exhibit a defensive function outside the plant in close
proximity to the roots presents a more pronounced techni-
cal challenge compared with aboveground or endogenously
sequestered antimicrobial compounds. The chemical en-
semble released by roots is profoundly shaping native
microbial community structures. Notably, alterations of
single root exudates in the rhizosphere or single genes in
the biosynthetic pathway of phytochemicals or transpor-
ters can influence the composition and activity of the soil
microbiome [27,48,52,86,95,96]. Hence, the complex net-
work of root exudation and pathogen defense needs to be
decoded comprehensively to integrate the regulation of
rhizosecretion, with direct and indirect physiological
effects on plants and the entire microbial ecosystem. Un-
derstanding the ecological impact of valuable defense
molecules will provide novel opportunities to engineer a
protective rhizosphere. Some studies have aimed to gener-
ate roots releasing artificial exogenous bioactive molecules
to produce plants with increased resistance to pathogens
[18,48,52,97,98]. For instance, pathogen infection is signif-
icantly inhibited in tomato roots secreting selected antimi-
crobial peptides fused to a maize cytokinin–dehydrogenase
protein scaffold [97]. Such peptide-delivery agents for plant
defense molecules or targeted ectopic expression systems
of secondary metabolites or transporters are auspicious
candidates for manipulating the formation and secretion of
root exudates and enhancing their natural defense prop-
erties. However, the potentially large impact at the eco-
logical and environmental level from minor compositional
changes in root exudation needs to be taken into account
carefully to avoid possible repercussions on microbial com-
munities and nontarget organisms.
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Root exudates comprise a heterogeneous group of compounds that display various 
effects on soil-borne organisms, including stimulation, attraction, but also repellence 
and inhibition. Therefore, root-secreted chemicals can assist belowground plant defense 
through direct and/or indirect mechanisms. Direct defense strategies exploited by roots 
include the secretion of phytochemicals with antimicrobial, insecticide or nematicide 
properties. In contrast, other root exudates recruit or influence beneficial organisms to 
serve as biological weapons against plant aggressors, a mechanism termed indirect 
plant defense. Since rhizosecretion fundamentally shapes the composition of soil-
inhabiting organisms and contributes to plant survival, the quality and quantity of 
defense root exudates is tightly controlled. Various environmental and endogenous 
factors can stimulate the release of phytochemicals that exhibit precisely targeted 
bioactivities. On the molecular level, several primary active transport proteins have 
been demonstrated to affect the composition of defense root exudates in the 
rhizosphere. In this chapter, we will focus our attention on direct and indirect defense 
strategies mediated by root exudates. In addition, we will shed light on regulatory 
mechanisms of defense-related root exudation that prevent belowground disease and 



















Plants interact with a multitude of soil-borne organisms in complex biological and 
ecological processes in the narrow zone surrounding the root system, termed the 
rhizosphere. These beneficial, antagonistic or neutral interactions have a profound 
effect on plant health and survival, and shape the soil microbiome.  
Within the rhizosphere, roots are constantly exposed to biotic stressors, ranging from 
plant disease-causing pathogens such as bacteria, fungi and oomycetes, to nematodes 
and insects. Although being sessile organisms anchored to the soil, plants are not just 
passive victims of these antagonistic microbes and invertebrates that occur in the 
vicinity of roots. In fact, roots are equipped with an arsenal of defense compounds that 
can be released into the rhizosphere to counteract plant attackers (Baetz and Martinoia, 
2014). However, the significance of root exudates as a direct or indirect belowground 
protection has long been underestimated, presumably due to literally being out of sight.  
Secreted substances can be of low or high molecular weight. Low molecular weight 
root exudates include a variety of defense secondary metabolites such as flavonoids, 
glucosinolates, and terpenoids. Protective high molecular weight compounds such as 
antimicrobial proteins and secreted extracellular DNA also contribute to the local 
belowground resistance. The tremendous metabolic diversity of root exudates has been 
progressively elucidated in the past decade through the identification and 
characterization of numerous novel constitutively secreted and inducible compounds, 
and previously undescribed classes of defense molecules. Equally, genes and 
biosynthetic pathways involved in the production of these phytochemicals have been 
gradually deciphered. A deepened knowledge of phytochemical properties, their 
composition in the rhizosphere and their impact on soil-inhabiting organisms is crucial 
to understand the diverse nature of root exudate-mediated defense mechanisms that 
protect plants against pathogens and invaders. It has been demonstrated that some root 
exudates exhibit antibacterial, antifungal, nematicide or insecticide properties that 
directly assist the plant in coping with antagonistic organisms. Other root exudates are 
released from damaged roots to attract natural enemies of the attackers (such as 
carnivorous nematodes) to indirectly protect plants. Another highly sophisticated 




that purpose, root exudates attract beneficial microorganisms that release secondary 
metabolites such as antibiotics with an antagonistic effect on the root-attacking 
pathogen.  
In this chapter, we will compile the roles of root exudates in various direct and indirect, 
targeted belowground defense processes that protect plants against soil-borne diseases. 
In addition, we will discuss regulation mechanisms of root exudation, e.g. inducible 
substance production and controlled secretion, that collectively make root exudate-
mediated belowground plant defense a highly efficient process. 
 
 
Root exudation as a direct defense strategy against detrimental soil-borne 
organisms 
 
In the rhizosphere, roots face relentless harmful attack through the presence of plant 
disease-causing pathogens (e.g. bacteria, fungi and oomycetes), as well as root-
damaging animals (in particular nematodes and insects). In the following, we will 
illustrate with selected examples how aggressors are being repelled, inhibited or killed 
by certain root-secreted phytochemicals in order to confer direct defense against 
belowground plant diseases.    
 
Bacteria. The bacterial community in the soil is diverse in its composition, ranging 
from beneficial plant growth-promoting bacteria to bacteria that infect roots and exhibit 
harmful effects. Plant-derived molecules can act as chemical signals that stimulate or 
repress microbes. Thereby, root exudates fundamentally drive the selection of bacteria 
inhabiting the rhizosphere. Shifts in root exudate blends, as observed in an Arabidopsis 
(Arabidopsis thaliana) mutant impaired in root exudation, elicited significant 
compositional alterations in bacteria that colonize the rhizosphere (Badri et al., 2009). 
Furthermore, it has been recently reported that merely the application of root exudates 
collected from Arabidopsis modulated the overall native bacterial community in the 
soil, even in the absence of the plant (Badri et al., 2013). Conversely, the chemical 
profile of root-secreted molecules is largely dependent on distinct bacterial members 




antimicrobial monoterpene 1,8-cineole was induced upon compatible interactions 
between Arabidopsis roots and the bacterial pathogen Pseudomonas syringae DC3000 
(Steeghs et al., 2004, Kalemba et al., 2002). In another study, Arabidopsis roots that 
were exposed to P. syringae secreted significantly higher amounts of defense-related 
proteins, whereas the incompatible interaction with a bacterial symbiont did not induce 
the secretion of these protective proteins (De-la-Peña et al., 2008).  
A phytochemical known to feature direct antibacterial activity particularly against 
Pseudomonas aeruginosa is rosmarinic acid (RA) (Bais et al., 2002). This 
multifunctional caffeic acid ester is produced in hairy root cultures of sweet basil 
(Ocimum basilicum L.), and exuded in response to pathogen attack. However, the 
compound is absent from exudates of unchallenged root cultures (Bais et al., 2002). 
Arabidopsis root exudates that were supplemented with exogenous RA prior infection 
with pathogenic P. aeruginosa strains, highly reduced pathogenicity under in vitro and 
in vivo conditions (Walker et al., 2004). Without supplementation, Arabidopsis roots 
displayed a high level of susceptibility to P. aeruginosa resulting in mortality. 
Similarly, the induction of RA secretion by sweet basil roots before infection conferred 
resistance to P. aeruginosa (Walker et al., 2004). Hence, host plants can deliberately 
release antibacterial molecules into the rhizosphere that directly counteract root 
colonization of pathogenic bacteria and plant mortality.  
 
Fungi and oomycetes. Tremendous yield losses result from fungal root invasion every 
year, emphasizing the necessity to study the crosstalk between plants and fungi, and to 
elucidate root exudates that confer direct disease resistance. In fact, oomycetes are 
phylogenetically distinct organisms, but show high physiological and morphological 
similarities to fungi. Therefore, fungi and oomycetes will be both covered in this 
section.  
A potent root-secreted antimicrobial compound that is implemented into defense 
mechanisms against oomycete pathogens is the pea (Pisum sativum) isoflavonoid 
pisatin (Cannesan et al., 2011). Once pea roots were challenged with the oomycete 
Aphanomyces euteiches, the biosynthesis and release of pisatin into the rhizosphere was 
induced (Cannesan et al., 2011). Interestingly, the inoculation also had a stimulatory 




root periphery that originate and detach from the root cap meristem (Stubbs et al., 2004, 
Vicré et al., 2005, Driouich et al., 2007). They assist the growing root tip during the 
mechanical penetration of the soil by decreasing frictional resistance at the root-soil 
interface (Driouich et al., 2007). In addition, antimicrobial molecules in the rhizosphere 
largely derive from cap and border cells (Hawes et al., 2012, Griffin et al., 1976, Odell 
et al., 2008), revealing a link between the A. euteiches induced formation of border cells 
and the increased pisatin exudation (Cannesan et al., 2011). The exposure of pea root 
tips encompassing border cells to exogenous pisatin, in turn, led to the upregulation of 
border cell production in vitro (Curlango-Rivera et al., 2010). Hence, border cells and 
their exudates account for a local protective shield that is strengthened in response to 
pathogen invasion (Cannesan et al., 2011, Hawes et al., 2012, Curlango-Rivera et al., 
2010). Because a correlation was observed between border cell separation and the 
induction of protein secretion, Wen et al. (2007) proteolytically degraded the root cap 
secretome during inoculation with the pea-pathogenic fungus N. haematococca. The 
researcher demonstrated that protease treatment increased the percentage of infected 
root tips significantly, providing evidence that root-secreted defense proteins from 
border cells contribute fundamentally to the resistance of pea roots to fungal infection 
(Wen et al., 2007). Detailed proteome analysis of root exudates of several plant species 
confirmed the secretion of antimicrobial enzymes and demonstrated dynamic 
compositional changes during development and upon pathogenic interactions (De-la-
Peña et al., 2010, Shinano et al., 2011, Liao et al., 2012, Ma et al., 2010, De-la-Peña et 
al., 2008, Wen et al., 2007). Unexpectedly, besides defense-related proteins, also the 
DNA-binding protein histone H4 was detected in border cell exudates of pea (Wen et 
al., 2007). Histone-linked extracellular DNA (exDNA) is thought to have a critical role 
in defense against microbial pathogens in mammals (von Köckritz-Blickwede and 
Nizet, 2009, Brinkmann et al., 2004, Medina, 2009). In plants, exDNA linked to histone 
proteins has been found to be exuded from root border cells and suggested to be a 
component of direct belowground defense against fungal invasion (Wen et al., 2009). 
Similar to proteolytic solubilisation of exuded proteins, nuclease treatment of pea root 
tips resulted in enhanced susceptibility to fungal infection by N. haematococca (Wen 
et al., 2009). However, the distinct mechanism of how exDNA inhibits pathogen 




protective proteins and exDNA, also low-molecular weight antimicrobial root exudates 
are proven direct chemical weapons against soil-borne diseases of fungal origin. For 
instance, the phenolic compound t-cinnamic acid potently protects barley (Hordeum 
vulgare) against the soil-borne fungus Fusarium graminearum (Lanoue et al., 2010a, 
Lanoue et al., 2010b). 
 
Nematodes. Nematodes are worm-like eukaryotic invertebrates that consume bacteria, 
fungi or other nematodes, and some can parasitize plants. Intense research on root-
secreted compounds uncovered attractants that influence the chemotaxis response of 
beneficial nematodes or assist pathogenic nematodes in host-recognition. Other 
phytochemicals have been found to exhibit nematode-antagonistic properties (Reynolds 
et al., 2011, Curtis, 2008, Hiltpold and Turlings, 2012). Lilley et al. (2011) investigated 
the potency of a root-exuded direct defense compound against nematodes. The 
researchers showed that the root cap targeted expression and release of a nematode-
repellent chemo-disruptive peptide in Arabidopsis thaliana reduced the establishment 
of the beet cyst nematode Heterodera schachtii (Lilley et al., 2011). In line with this it 
was found that transgenic Solanum tuberosum (potato) that secreted this repellent 
peptide from their roots suppressed parasitism by the potato cyst nematode Globodera 
pallida (Lilley et al., 2011, Liu et al., 2005). In another study, a genetic approach was 
used to broaden the resistance of soybean (Glycine max) against nematodes. An 
Arabidopsis gene that modulates synthesis of the antimicrobial camalexin and other 
defense-related responses was ectopically overexpressed in roots of soybean (Youssef 
et al., 2013), resulting in enhanced resistance to the parasitic soybean cyst nematode 
(Heterodera glycines) and the root-knot nematode (Meloidogyne incognita). Lauric 
acid, a naturally occurring, highly abundant root exudate from crown daisy 
(Chrysanthemum coronarium) also limited parasitic damage by decreasing the number 
of M. incognita and suppressing nematode infection (Dong et al., 2014). Likewise, total 
root cap exudates from various legumes showed the ability to repel root-knot nematodes 
in sand assays (Zhao et al., 2000). In summary, root exudates can have direct 
nematotoxic or repelling effects to ensure protection of the roots. However, in contrast 






Insects. As plants cannot escape belowground insects and root-feeding causes 
tremendous tissue damage, roots employ elegant defense strategies to counteract 
herbivory. For instance, the semi-volatile diterpene hydrocarbon, rhizathalene A, is 
constitutively produced and released by non-infected Arabidopsis roots (Vaughan et al., 
2013). Plants that are deficient in rhizathalene A production were found to be less 
resistant to herbivory by the fungus gnat (Bradysia ss) and suffered considerable 
removal of peripheral tissue at larval feeding sites. In this study it was comprehensively 
shown that rhizathalene A is a local antiherbivore metabolite that is implicated in the 
direct belowground defense against insect herbivory (Vaughan et al., 2013). The 
monoterpene 1,8-cineole is another volatile compound that exhibits defense activity. It 
is released from Arabidopsis thaliana roots upon compatible interaction with the 
herbivore Diuraphis noxia (Steeghs et al., 2004). However, little is known about root-
released volatiles and other root exudates with insecticidal properties that directly 
defend plants against root-feeding arthropods. Nevertheless, as discussed in the 
following, belowground volatile compounds and their protective role were extensively 
studied as an indirect defense trait. 
 
 
Root exudates are a tool to establish indirect plant defense 
 
Direct defense via root exudation is an effective mean of plants to deal with the constant 
exposure to pathogenic microbes and invertebrates in the rhizosphere. Besides, by root 
exudation plants can influence the behavior of phytobeneficial soil organisms to serve 
defensive roles during belowground diseases. For instance, the orientation of 
rhizospheric nematodes that are predators of insect aggressors can be altered by root 
released signals, thereby indirectly conferring resistance to the roots against herbivory 
(Rasmann et al., 2005). Furthermore, some rhizobacteria species are known for their 
production of toxic compounds targeting plant pathogens, a process that has been 
hypothesized to be regulated by root exudates upon infection (Jousset et al., 2011, Haas 




counteract pathogen attack is considered indirect belowground plant defense. This 
tripartite interaction is mediated by root exudates. 
 
Recruitment of ‘natural soldiers’ by root exudates. The concept of indirect defense 
and the corresponding plant-released signaling compounds have been examined 
thoroughly in the aboveground terrestrial environment. Leaves emit a complex battery 
of volatile organic compounds to communicate with their environment and attract 
predators. Intriguingly, when attacked by belowground herbivores, plants can also 
attract soil-borne mobile predators such as entomopathogenic nematodes (EPN). In 
fact, EPNs are plant protagonists, but obligate parasites that kill insect hosts. The pivotal 
role of root-emitted volatile compounds that act as efficient cues to direct natural 
enemies such as ENPs specifically to the sites where potential hosts are damaging roots 
has become increasingly evident  in the last years (Hiltpold and Turlings, 2008, Hiltpold 
et al., 2011). The best studied example of a volatile signal that mediates belowground 
indirect plant defense is the maize (Zea mays L.)  sesquiterpene olefin (E)-β-
caryophyllene (EβC) (Rasmann et al., 2005). EβC is completely absent in healthy maize 
roots but emitted upon feeding by voracious larvae of the western corn rootworm 
(WCR), Diabrotica virgifera virgifera. Herbivore attack induces the expression of the 
terpene synthase 23 (tps23) gene, which is involved in the biosynthesis of EβC (Capra 
et al., 2014, Köllner et al., 2008). The released volatile signal strongly attracts the ENP 
Heterorhabditis megidis, a natural enemy of root-feeding herbivores that assists maize 
defense by killing WCR larvae (Rasmann et al., 2005). 
WCR is a severe pest causing tremendous yield losses particularly on maize roots 
(Miller et al., 2005). Exploiting naturally produced indirect defense compounds against 
WCR could provide an effective biological control strategy for crop protection. 
Degenhardt et al. (2009) aimed at promoting plant attractiveness to natural enemies of 
WCR larvae by genetically introducing EβC emission in maize varieties that are not 
capable of synthesizing the sesquiterpene due to a lack of tps23 transcript. On that 
purpose, a non-emitting maize line was transformed with an (E)-β-caryophyllene 
synthase from oregano (Origanum vulgare), resulting in a constitutive emission of EβC 
(Degenhardt et al., 2009). In field experiments, transformed plants attracted ENPs more 




non-emitting maize plants. In a subsequent study it has been demonstrated that a 
constitutive emission of the volatile signal generated also physiological costs such as 
compromised seed germination, plant growth and yield (Robert et al., 2013). This 
negative effect on plant fitness was possibly due to an increased attraction of herbivores, 
including aboveground pests. Ali et al. (2010, 2012) similarly exercised caution when 
investigating the complex effects of belowground volatiles on indirect plant defense. 
Citrus roots release volatile compounds such as pregeijerene (1,5-dimethylcyclodeca-
1,5,7-triene) in response to feeding by the larvae of the root weevil, Diaprepes 
abbreviates (Ali et al., 2010, Ali et al., 2012). The herbivore-induced volatile emission 
recruited naturally occurring ENPs (Steinernema diaprepesi), resulting in an increase 
of root weevil mortality and, hence, the control of herbivore infestation (Ali et al., 2010, 
Ali et al., 2012). Yet, further research uncovered that besides the recruitment of 
beneficial nematodes, herbivore-induced volatiles also allowed more efficient host 
localization by phytopathogenic nematodes (Ali et al., 2011). Collectively these studies 
illustrate clearly that consequences evoked by the manipulation of belowground volatile 
emission should be carefully assessed on multitrophic levels and under field conditions, 
in order to understand their specificity and minimize detrimental physiological or 
ecological effects for plants or non-target organisms.  
Besides targeting volatile emission another elegant approach to enhance the 
effectiveness of indirect plant defense is selective breeding of natural enemies for 
increased responsiveness to a volatile host signal in order to obtain a more efficient 
natural finding and killing of pests. Hiltpold et al. (2010) aimed at improving the 
attraction of Heterorhabditis bacteriphora, one of the most virulent nematodes against 
WCR larvae, towards EβC (Hiltpold et al., 2010a). After few generations of selection, 
the researchers isolated a H. bacteriphora strain that was significantly more attracted 
to the EβC source than the original strain. Consistently, in field experiments WCR 
populations that attacked EβC-emitting maize roots were more effectively reduced by 
the selected strain compared to the original strain. Importantly, control experiments 
showed that this artificial selection for the responsiveness trait of H. bacteriphora 
towards the volatile signal has not considerably altered other essential properties for 
controlling WCR populations such as the infectiveness of H. bacteriphora (Hiltpold et 




Taken together, the research shows that plants can recruit natural enemies of their soil-
borne aggressors through root-released volatiles to indirectly defend the root system. 
Thoroughly exploited manipulation of indirect plant defense has a great potential as an 
alternative method to traditional broad-spectrum pesticides in controlling root-pests in 
agroecosystems. 
 
Root exudates can stimulate the antimicrobial potency of phytobeneficial 
microbes. Besides attracting natural predators of their enemies, plants have established 
dialogues with beneficial root-colonizing bacteria to protect roots against the attack of 
deleterious rhizosphere microorganisms. Defense-assisting microbes belong to so 
called plant growth-promoting rhizobacteria (PGPR) (Compant et al., 2005). PGPR 
primarily stimulate plant growth by e.g. the production of phytohormones or the 
enhancement of plant nutrition (Vacheron et al., 2013). In contrast, defense-assisting 
PGPRs can improve plant health either directly by repelling plant aggressors with the 
production of antibiotics, or indirectly by eliciting induced systemic resistance in host 
plants (Compant et al., 2005, Haas and Défago, 2005, Doornbos et al., 2012). However, 
to date only few studies addressed the role and the chemical nature of plant-derived 
exudates in the suppression of soil-borne diseases via direct bacterial antagonism (Neal 
et al., 2012, Neal and Ton, 2013, Santos et al., 2014, Jousset et al., 2011, Haas and 
Défago, 2005, Notz et al., 2001, Baehler et al., 2005, de Werra et al., 2008, de Werra et 
al., 2011). Jousset et al. (2011) made an elaborate experiment providing compelling 
evidence that plants are able to influence the metabolism of beneficial rhizosphere-
colonizing bacteria through root exudates as part of the indirect belowground plant 
defense against pathogens. In order to prevent physical contact between the 
microorganisms, barley plants were grown in a split-root system in which one part of 
the roots was challenged by the pathogenic oomycete Pythium ultimum. The other side 
was inoculated with the biocontrol bacterium Pseudomonas fluorescens CHA0, a PGPR 
known to assist crop plant defense by producing antifungal chemicals against 
pathogenic fungi (Haas and Défago, 2005). This separation system allowed the 
investigation of alterations of bacterial gene expression patterns that are induced by 
pathogens but mediated by systemic signaling of plants and root exudation (Fig. 1). The 




stimulated following pathogen infection at the other side of the root (Jousset et al., 
2011). The expression of this gene reflects the production of the antifungal metabolite 
2,4-diacetylphloroglucinol (DAPG), a key component of the biocontrol activity of root-
associated bacteria acting in disease suppression (Notz et al., 2001, Bangera and 
Thomashow, 1999, de Souza et al., 2003). Interestingly, also the composition of 
exudates from the systemic side at which roots were inoculated with P. fluorescens 
changed in response to the presence of the pathogen Pythium ultimum at the other side 
of the root system (Fig. 1), uncovering candidates of signaling root exudates that 
provoke changes in antifungal gene expression of beneficial bacteria (Jousset et al., 
2011). In summary, first insights have been gained on how antifungal activities of 
rhizobacteria can be adjusted by root exudates to provide service of indirect defense 
against plant pathogens. It will be of interest to further explore this tripartite interaction, 
and investigate how and which plant-derived compounds are released under pathogen 




Root exudation- a tightly regulated and highly efficient process 
 
Root exudation enormously impacts plants as well as the rhizosphere habitat. Firstly, 
photosynthetically fixed carbon is a valuable resource for plants. Since direct and 
indirect defense root exudates are a significant carbon cost, sensible and deliberate use 
is of importance to avoid excessive consumption but guarantee efficient plant defense. 
Secondly, root exudate blends need to be carefully assembled, since the rhizosphere is 
composed of a diverse variety of inhabitants such as beneficial and pathogenic 
organisms that can be differentially affected by certain phytochemicals. On the purpose 
of accurate plant defense and limited damage to other rhizosphere members, plants have 
established several strategies to optimize root exudation, including elicitation-induced 
compound production, tightly regulated export processes, and multiple beneficial 





Constitutive versus induced exudation of phytochemicals. Plants are constantly 
exposed to soil-borne antagonists. To form a protective buffer zone around roots, 
certain defense root exudates are constitutively released into the rhizosphere. For 
instance, rhizathalene A, an antifeedant involved in direct plant defense, is synthesized 
and secreted from Arabidopsis roots even in the absence of root-feeding insects 
(Vaughan et al., 2013). Plants secrete a wide array of other defense molecules before 
pathogen elicitation (Kato-Noguchi et al., 2008, Toyomasu et al., 2008, Wen et al., 
2009, De-la-Peña et al., 2010, Shinano et al., 2011, Chaparro et al., 2013, Badri et al., 
2010, Liao et al., 2012, Ma et al., 2010, McCully et al., 2008, Dong et al., 2014). Besides 
a constitutive root exudation, the biosynthesis, accumulation and secretion of certain 
defense molecules can be induced in the presence of aggressors in the rhizosphere. The 
phenolic compound t-cinnamic acid is an antifungal exudate of barley roots (Lanoue et 
al., 2010a, Lanoue et al., 2010b). Upon attack of a fungal pathogen, labelling 
experiments demonstrated the de novo biosynthesis and secretion of this aromatic 
defense metabolite into the rhizosphere. Another example is rosmarinic acid, which is 
constitutively produced in root tissue, but exclusively released into the rhizosphere in 
response to root infection (Bais et al., 2002). These studies illustrate that the profile of 
root exudates is not just diverse in its composition, but also strikingly dynamic, to adjust 
the identity and amount of defense compounds towards necessity in heterogeneous 
environments.  
 
Stimuli that control defense root exudation. As discussed above, the belowground 
attack by antagonistic organisms can induce the release of a multitude of defense 
compounds into the rhizosphere. Astonishingly, upon aboveground attack, intra-plant 
chemical signals can be relayed to influence root exudation (Bezemer and van Dam, 
2005, Robert et al., 2012, Pangesti et al., 2013). Secretion of L-malic acid from 
Arabidopsis roots is stimulated by infection with the bacterial foliar pathogen 
Pseudomonas syringae pv tomato Pst DC3000 (Rudrappa et al., 2008, Lakshmanan et 
al., 2012). Elevated levels of malic acid in the rhizosphere in turn recruit the beneficial 
Bacillus subtilis FB17 and promote rhizobacterial colonization to enhance plant defense 




Under laboratory conditions, the rhizosecretion process can be elicited also by 
exogenous application of biotic stress-related signaling molecules such as salicylic acid, 
nitric oxide or methyl jasmonate (Badri et al., 2008b, Badri and Vivanco, 2009, Ruiz-
May et al., 2009, Schreiner et al., 2011). Likewise, an ectopic expression of the 
oomycetal elicitor β-cryptogein in hairy roots of Coleus blumei mimics pathogen attack 
resulting in an enhanced level of secreted antimicrobial rosmarinic acid in the external 
culture medium (Vuković et al., 2013). Recently it has been reported that the presence 
of phytobeneficial bacteria can enhance root volatile emission required for indirect 
plant defense (Santos et al., 2014). Root colonization with Azospirillum brasilense 
induced higher release of (E)-β-caryophyllene from maize roots. Furthermore, larvae 
of the South American corn rootworm, Diabrotica speciose, gained less weight when 
feeding on rhizobacterium-inoculated roots (Santos et al., 2014).  
Besides exogenous stimuli that influence the release of compounds implemented in 
direct and indirect plant defense, root exudation is also under the control of endogenous 
genetic programs such as the developmental stage of the plant. In maize benzoxazinoids 
form a class of defense molecules (Ahmad et al., 2011) that are released during the 
emergence of lateral and crown roots when the plant is locally and temporally more 
susceptible (Park et al., 2004). Hence, benzoxazinoids secretion presents a genetically 
regulated, protective process that alleviates damage at local sites or during discrete 
developmental stages when infection is more deleterious for the plant. In accordance, 
the peak of defense-related protein exudation into the rhizosphere can be observed just 
before flowering (De-la-Peña et al., 2010). Towards later stages of the Arabidopsis life 
cycle, also the level of putatively antimicrobial phenolic compounds increases in the 
root exudate profile (Chaparro et al., 2013). Again, the recruitment of phytobeneficial 
microbes that indirectly prevent root infection through the production of antibacterial 
compounds is dependent on the growth stage of the plant (Picard et al., 2000, Picard et 
al., 2004).  
Taken together, these studies exemplify that the secretion of defense compounds into 
the rhizosphere is a tightly controlled, spatio-temporal dynamic process that is regulated 





The role of transport proteins in root exudation. Root exudation is in part mediated 
by diffusion, channels, and vesicle transport. However, a substantial proportion of root 
exudates is also secreted actively by transport proteins. First indirect evidence of a 
primary and secondary active secretion process of plant-derived molecules across the 
root plasma membrane came from comprehensive pharmacological studies. The use of 
various inhibitors revealed that the secretion of some root-derived phytochemicals was 
dependent on ATP hydrolysis (Loyola-Vargas et al., 2007), indicating that active 
transport systems such as ATP-binding cassette (ABC) transporters might be involved 
in the release of constituents of the root phytochemical cocktail into the rhizosphere. 
ABC-type proteins constitute a large family of transporters that are involved in 
mediating the transport of a wide array of organic substances (Yazaki et al., 2009, Kang 
et al., 2011, Yazaki et al., 2008). More than 120 genes in the Arabidopsis thaliana 
genome encode for ABC transporter proteins, and some of these genes exhibit strikingly 
high expression in root cells, raising the potential for their involvement in 
rhizosecretion processes (Badri et al., 2008a). Subsequent studies in which root exudate 
(Badri et al., 2008a, Badri et al., 2009) and microbial (Badri et al., 2009) compositions 
of ABC transporter mutants differed significantly from those of corresponding wild-
type plants confirmed the essential role of ABC proteins in root exudation. In addition, 
these studies revealed that multiple ABC transporters can release the same substrate, 
and that a discrete ABC transporter can have low substrate specificity and export 
multiple structurally and functionally unrelated substances (Fig. 2a). The role of 
AtABCG37/AtPDR9 in mediating the rhizosecretion of not only auxinic compounds 
(Ito and Gray, 2006, Ruzicka et al., 2010) but also of phenolics as an iron acquisition 
strategy (Rodríguez-Celma et al., 2013, Fourcroy et al., 2013) supports this observation. 
Likewise, AtABCG36/AtPDR8 is suggested to export cadmium (Kim et al., 2007) as 
well as indole-3-butyric acid (Strader and Bartel, 2009) into the rhizosphere.  
To date, few ABC transport proteins were proposed to be implemented in the export 
and accumulation of phytochemicals that confer resistance against soil-borne diseases. 
For example, silencing NtABCG5/NtPDR5 from tobacco (Nicotiana tabacum) 
improved larval performance of the herbivore Manduca sexta, but also increased 
slightly the susceptibility to the soil-borne fungus Fusarium oxysporum, suggesting a 




2012). More evidently, the transporter NpPDR1 of Nicotiana plumbaginifolia was 
shown to be involved in belowground plant defense against pathogen invasion (Bultreys 
et al., 2009, Stukkens et al., 2005). Silencing the ABC transporter accounted for 
enhanced sensitivity of roots and petals towards several fungal and oomycetal 
pathogens, possibly due to diminished secretion of antimicrobial compounds such as 
the diterpene sclareol (Bultreys et al., 2009, Stukkens et al., 2005, Jasiński et al., 2001). 
Besides these obvious connections between a transporter, its substrate and a direct 
effect on the rhizosphere microbiome, further research on ABC proteins implemented 
in root exudation uncovered a complex role for transport systems in determining the 
composition of root exudates (Fig. 2). Certain ABC transporter genes are subject of 
intense transcriptional regulation. The expression of NtPDR1 from tobacco can be 
modified by microbial elicitation and positively correlates with export rates of 
antipathogenic diterpenes into the extracellular medium (Crouzet et al., 2013, Sasabe 
et al., 2002). In line with this, the transcriptional regulation of ABC transporters in 
response to their substrates has been reported, e.g. (Kretzschmar et al., 2012). The level 
of an external phytochemical can be dependent on the transport protein abundance, but 
also on the substrate availability. For instance, nitrogen deficiency can elicit the 
increased production of the flavonoid signaling molecule genistein resulting in its 
secretion from soybean roots to initiate rhizobium symbiosis (Sugiyama et al., 2008). 
Interestingly, the transport machinery involved in genistein export is constitutively 
active, regardless of the nitrogen availability (Sugiyama et al., 2007) (Fig. 2b). Yet, 
other ABC transporters themselves feature regulatory functions influencing 
biosynthesis and exudation of defense phytochemicals. Medicago truncatula roots 
silenced for MtABCG10, a close homolog of NtPDR1 (Sasabe et al., 2002, Crouzet et 
al., 2013) were rapidly infected by Fusarium oxysporum (Banasiak et al., 2013). The 
silencing resulted also in a reduction of the antimicrobial medicarpin as well as its 
precursors in root tissue and exudates. Thus, during belowground biotic stress response 
MtABCG10 supposedly modulates isoflavonoid levels associated with the de novo 
biosynthesis of defense compounds (Banasiak et al., 2013). Another persuasive study 
showed that the root exudate profile of the Arabidopsis mutant abcg30 exhibits a 
decreased secretion of certain compounds whereas other exudates accumulated to 




that ABC transporters have a sophisticated role in mediating substrate export into the 
rhizosphere, but also in directly or indirectly modifying other physiological processes 
such as the biosynthesis of secondary metabolites and/or the expression of other 
transporters involved in root exudation (Fig. 2c). 
Besides ABC transporters, members of the multidrug and toxic compound extrusion 
(MATE) protein family have been demonstrated to actively transport secondary 
metabolites across plant membranes (Yazaki et al., 2008). A MATE transporter in the 
stele of rice roots was found to facilitate efflux of phenolic compounds into the xylem 
(Ishimaru et al., 2011). It has been speculated that similar transporters might be 
responsible for the secretion of antimicrobial compounds into the soil. A crucial root 
exudation process that has been shown to be mediated by MATE proteins is the release 
of citrate into the rhizosphere (Furukawa et al., 2007, Fujii et al., 2012, Magalhaes et 
al., 2007, Liu et al., 2009, Maron et al., 2010). Since citrate is a carbon source for many 
microorganisms, this exudation may have a vital impact on microbial soil communities. 
However, to our knowledge, no evidence has been provided for an implementation of 
MATE transport proteins in direct or indirect belowground plant defense.  
Taken together, active transport systems largely influence the composition of root 
exudates, and can dynamically adjust the quality and quantity of certain phytochemicals 
in response to changes in microbial rhizosphere communities. Identification and 
investigation of transporter proteins implemented in regulated rhizosecretion processes 
is fundamental to understand belowground direct and indirect plant defense. 
 
One phytochemical- additive defense functions. In the previous sections we 
demonstrated that the release of defense-related root exudates is inducible, how this 
induction can be elicited, and that regulated secretion is mediated on the molecular level 
by transport proteins. In this section, we will highlight that single root exudates can 
target multiple rhizosphere organisms and may elicit dissimilar responses. 
Belowground plant defense becomes highly efficient if different exudate bioactivities 
are appropriately fine-tuned to allow an opposite effect on plant mutualists and 
antagonists. 
Some root-secreted defense compounds affect a highly specific spectrum of rhizosphere 




properties against many soil bacteria, but initiates the detoxification machinery of 
rhizobacteria, accounting for their resistance to canavanine (Cai et al., 2009). In 
Arabidopsis, resistance to Phytophthora capsici relies on the production of the 
antimicrobial camalexin (Wang et al., 2013); however, this defense compound does not 
confer resistance to the oomycetes pathogen Phytophthora cinnamomi (Rookes et al., 
2008). Notably, this high target specificity of root exudates can be partially explained 
by variations in the tolerance to specific defense molecules based on the efficiency of 
active detoxification and efflux processes between different microbes (Cai et al., 2009, 
Bouarab et al., 2002).  
Other root exudates have a broader recipient spectrum and affect various rhizosphere 
organisms, including beneficial and pathogenic members (Badri et al., 2013). This can 
be exemplified by the different effects of green pea (Pisum sativa) root exudates on the 
behavior of beneficial and plant-parasitic nematodes (Hiltpold et al., 2015). Low 
concentrations of root exudates induced loss of mobility and a state of reversible 
quiescence in antagonistic nematodes, protecting the roots against infection. In sharp 
contrast, the activity and infectiousness of beneficial entomopathogenic nematodes 
(EPNs) enhanced markedly under low root exudate concentrations. Dual bioactivity in 
the rhizosphere was also observed for benzoxazinoids, a class of phytochemicals 
detected in maize root exudates. Plant-beneficial Pseudomonas putida were found to be 
recruited in response to exudation of a benzoxazinoid metabolite from maize roots 
during relatively young and vulnerable growth stages (Neal et al., 2012). The root 
colonization stimulated jasmonic acid-dependent defense pathways in maize entailing 
a beneficial systemic defense priming in the plant (Neal and Ton, 2013). Conversely, 
benzoxazinoids were previously shown to exert antimicrobial and insecticidal activities 
and function in direct above- and belowground plant defense against pests and diseases 
(Niemeyer, 2009, Park et al., 2004, Ahmad et al., 2011). Hence, released 
benzoxazinoids provide coupled profitable service for the plant by attracting beneficial 
microbes (indirect plant defense) and repelling pathogenic organisms in the maize 
rhizosphere (direct plant defense). Similarly, dimethyl disulphide emitted from cabbage 
(Brassica napus) roots invested by the cabbage root fly Delia radicum showed multiple 
defense bioactivities, the inhibition of ovipostion by cabbage root fly females, and the 




summary, root exudates with directed dual functions that complement each other 
enhance the efficiency of belowground plant protection by broadening the spectrum of 





Interactions between plants and other organisms are as fascinating as they are complex. 
Plants can, for instance, communicate with arbuscular mycorrhizal fungi to initiate a 
mutually beneficial symbiosis. However, not all organisms that plants are exposed to 
have neutral or even advantageous impacts. Negative interactions and defense strategies 
against antagonistic organisms is an intensively investigated field of biology. 
Previously, researchers focused on interactions and processes that appear in the visible, 
more easily accessible half of the plant, the aerial part. However, since tremendous 
yield losses are caused by root-feeding and infection, it is equally crucial to study plant 
defense mechanisms belowground. 
Root exudates in the rhizosphere serve as chemical mediators of positive interactions 
between plants and soil-borne organisms, and as defense compounds in negative 
interactions. During plant attack root exudates are engaged in two types of defense 
traits, the direct and the indirect defense. Root exudates with direct defense properties 
act repelling, inhibiting or killing on plant aggressors such as pathogens and feeders. In 
contrast, root exudates incorporated in indirect plant defense initiate the interaction with 
beneficial organisms that counteract aggressors. The chemical nature and mode of 
action of various compounds involved in direct and indirect defense has been 
progressively elucidated in past years. Interestingly, several compounds were found to 
exhibit multiple bioactivities in the rhizosphere and influence organisms differently. In 
other words, a single phytochemical might act synergistically in direct and indirect plant 
defense. Nevertheless, another compound might recruit beneficial and detrimental 
organisms. Therefore, it is of importance to carefully assess the targets and effects of 
root exudates on multitrophic levels. In addition to the discovery of various root-
secreted defense compounds and their role in the rhizosphere, the understanding of the 




is a dynamic and bidirectional process: root exudates shape the soil inhabitants, and 
rhizosphere members modulate the root exudate ensemble. Besides the presence of soil-
borne organisms, several other exogenous as well as endogenous factors can rapidly 
and precisely adjust the nature of root-secreted phytochemicals. On the molecular level, 
transporter proteins have been shown to modulate rhizosecretion processes in a 
complex manner that goes beyond a role as pure substrate carriers. Consequently, also 
the stimuli and regulatory mechanisms that modify the quality and quantity of the root 
exudate cocktail require thorough investigation.  
Taken together, root exudates impact the rhizosphere inhabitants markedly. 
Accordingly, they are a powerful tool that can be exploited to enhance natural defense 
properties of plants. Deepening our knowledge of the targets and effects of root 
exudates, as well as the regulation of root secretion processes, will unravel the path for 












Figure 1. Relevance of systemic plant signaling and root exudation in a tripartite 
interaction that confers indirect plant defense.  
To investigate pathogen-induced but plant-mediated modulation of bacterial gene expression 
and antifungal activity, Jousset et al. (2011) grew barley in a split-root system (Jousset et al., 
2011). One part of the root (infected side) was challenged with the pathogen Pythium ultimum, 
whereas the other part of the root (systemic side) was exposed to the beneficial plant growth-
promoting rhizobacteria (PGPR) Pseudomonas fluorescens CHA0. Without physical contact 
but through systemic plant signaling, pathogen attack induced compositional changes in root 
exudates on the systemic side. These changes, in turn, stimulated bacterial phlA expression. The 






Figure 2. ABC proteins are complex transport systems that modulate root exudation.  
(a) Some ABC proteins transport multiple substrates. Equally, some compounds can be a 
substrate of several transporters. (b) Transporter transcript levels, protein abundance and 
activity can be dependent on substrate availability, elicitors and microbial presence. In addition, 
rhizosphere stimuli can influence substrate production. (c) ABC transporters can pleiotropically 
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